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Abstract 
In this study, high resolution ex situ digital image correlation (DIC) was used to measure 
plastic strain accumulation in polycrystalline Hastelloy X, a nickel-based superalloy, subjected to 
monotonic and cyclic loading conditions. In addition, the underlying microstructure was 
characterized with similar spatial resolution using electron backscatter diffraction (EBSD). The 
experimental results were utilized to investigate the localization of plastic strains in the vicinity of 
grain boundaries (GBs). Particularly we address the interaction of slip with GBs which can result 
in slip blockage or slip transmission and investigate how these two possible outcomes of slip-
GB interaction influence the plastic strain magnitudes and fatigue crack formation in GB regions. 
In the first part of this work, we focus on slip transmission across GBs. Strain 
measurements with sub-grain level spatial resolution were acquired for Hastelloy X deformed 
plastically in uniaxial tension. The full field DIC measurements show a high level of 
heterogeneity in the plastic response with large variations in strain magnitudes within grains and 
across GBs. We used the experimental results to study these variations in strains, focusing 
specifically on the role of slip transmission across GBs in the development of strain 
heterogeneities. For every GB in the polycrystalline aggregate, we have established the most 
likely dislocation reaction and used that information to calculate the residual Burgers vector and 
plastic strain magnitudes due to slip transmission across each interface. From our analysis, we 
show an inverse relation between the magnitudes of the residual Burgers vector and the plastic 
strains across GBs. We therefore emphasize the importance of considering the magnitude of 
the residual Burgers vector to obtain a better description of the GB resistance to slip 
transmission, which in turn influences the local plastic strains in the vicinity of grain boundaries.  
In the second part of this work, we consider fatigue micro-crack formation. It is widely 
accepted that the localization in plastic strains is a necessary condition and a precursor for the 
nucleation of fatigue cracks. However a clear and quantitative assessment of the correlation 
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between strain localization and fatigue micro-crack lengths requires further investigation. To 
address this point, high resolution deformation measurements using DIC were conducted on 
polycrystalline Hastelloy X subjected to fatigue loading. The sub-grain level strain 
measurements were made prior to the formation of micro-cracks. The correlation between the 
localization of plastic strains, very early on during the loading (e.g., less than 1,000 cycles), and 
the micro-cracks which were detected later in the life of the sample (e.g., around 10,000 cycles) 
is discussed in this thesis. Particular focus is given to the difference in grain boundary response, 
either blocking or transmitting slip, and the associated fatigue micro-crack lengths generated in 
the vicinity of these boundaries. The results show a clear correlation between both the locations 
and lengths of fatigue micro-cracks and the localization of plastic strains very early in the 
loading process. In addition, we observed that for the same number of cycles, the transmission 
of slip across grain boundaries resulted in longer transgranular cracks compared to cracks near 
grains surrounded by blocking grain boundaries which were shorter cracks and confined within 
single grains. 
In the last part of this study, experiments were conducted on Hastelloy X subjected to 
fatigue loading. The purpose of the experiments was to investigate the scatter in fatigue lives 
under similar loading conditions. We also used a recent novel fatigue model based on persistent 
slip band (PSB) – GB interaction to investigate the scatter in fatigue lives and shed light into the 
critical types of GBs which nucleate cracks. The implementation of this model provides 
simulation results of the scatter in fatigue life, which are consistent with the scatter observed 
from experiments. Finally, with the use of high resolution strain measurements, we provide a 
critical evaluation of some aspects of the modeling approach, for example the formation of grain 
clusters and their influence on fatigue life. Also the role of special GBs, mainly annealing twin 
boundaries (Σ3 GBs), was evaluated.  
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the  GB.  The  activation  of  both  slip  systems  associated  with  this  interaction  point  is 
considered an indication of slip transmission across the GB.  The point to the right represents 
the interaction between systems 6 and 7. No transmission from system 6 in grain 1 to system 
7 in grain 2. Notice the high residual burgers vector associated with this possible interaction. 
Also, the geometric condition θ for this  interaction  is  larger than the point to the  left were 
transmission is observed (θ 6,7 = 24.5º > θ 6,6 = 11.5º). This makes transmission less favorable 
due to the larger misalignment of slip planes. This can be visualized by looking at the possible 
slip  traces  for each  slip  system  in both grains  (dashed black  line  for  system 6 and  red  for 
system 7). ....................................................................................................................................... 52 
Fig. 5.3. SEM micrograph of the deformed sample showing traces of the activated slip systems in the 
vicinity of the GB shown in Fig. 5.2. Continuous slip traces across the GB were observed and 
the  corresponding  slip  planes were  the  ሺ1ത11ሻ  slip  planes  (system  6  is  on  the  ሺ1ത11ሻ  slip 
plane).  These  observations  are  consistent  with  the  analysis  made  using  shear  strain 
calculations as shown in Fig. 5.2. ................................................................................................... 53 
Fig. 5.4. EBSD grain orientation map of the region of interest. The GB considered in Figs. 5.2 and 5.3 is 
marked. Each GB in the aggregate was individually selected and similar analysis (as shown in 
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Fig. 5.5 (a) Histogram of the minimum |ܾ௥| for each of the transmitting GBs in the region of interest (~ 
1000 GBs).  Some of  the  transmission  cases occur  leaving  relatively high magnitudes of br, 
e.g., 14 % of GBs show |br| > 0.7. Three distinct spikes  in the number of GBs having similar 
|ܾ௥|  can  be  observed  at  |ܾ௥| ൌ 0, |ܾ௥| ൌ 0.41, ܽ݊݀	|ܾ௥| ൌ 0.71. Most  of  these  boundaries 
were characterized as Σ3 type. The first spike  is at  |ܾ௥| ൌ 0, this represent cross slip across 
the GB leaving no residual in the GB plane as shown schematically in (b). The second spike is 
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plane as shown in (c). The third spike is at |ܾ௥| ൌ 	 |ሺܽ 2⁄ ሻ〈101〉| ൌ ܽ √2⁄ , which leaves a full 
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Fig.  5.6.  Slip  transmission  through  a  Σ3 GB.  (a)  SEM micrograph  showing  continuity  of  slip  traces 
across the GB.   The shear strains associated with the observed traces are shown  in (b). The 
directions and magnitudes of both  systems across  the  interface  indicates  slip  transmission 
through the GB with |br| = 0 (a represents the lattice spacing of the material). ......................... 56 
Fig.  5.7.  Slip  transmission  through  a  Σ3 GB.  (a)  SEM micrograph  showing  continuity  of  slip  traces 
across the GB.   The shear strains associated with the observed traces are shown  in (b). The 
directions and magnitudes of both  systems across  the  interface  indicates  slip  transmission 
through the GB with |br| = 0.41 a. ................................................................................................ 57 
Fig. 5.8. Multiple  slip  transmission  through  Σ3 GBs.  (a)  SEM micrograph  showing  continuity of  slip 
traces across  the GB.   The shear strains associated with  the observed  traces of reactions A 
and B are shown in (b), reaction C in (c), and reaction D in (d). .................................................... 58 
Fig.  5.9.  Strain  across  grain  boundaries  versus  residual  Burgers  vector.  The  strain  across  GBs  is 
calculated by adding  the average  strains  in both mantles across  the boundary. Boundaries 
that  show higher  strains across  the GB exhibit  lower  residual Burgers vectors. This  can be 
related to the GB resistance to slip transmission. ......................................................................... 59 
Fig. 5.10. (a) Dislocation transmission through a Σ7 GB. (b) Dislocation transmission through a Σ9 GB. 
Notice that the interaction with the Σ7 GB leaves a higher |br| compared to the Σ9 GB (0.41a 
> 0.22a). The corresponding energy barriers shown in (c) and (d) show a higher energy barrier 
for  slip  transmission  in  the  Σ7  case  (higher  |br|)  compared  to  the  Σ9  case  (lower  |br|), 
respectively. ................................................................................................................................... 62 
Fig.  6.1.  (a)  The  sample  dimensions.  (b)  Stress‐Strain  curves  showing  the  loading  history  for  the 
uniaxial  tension  sample. The  reported  strains are  from DIC average  fields. Ex  situ DIC was 
performed at the end of each  loading cycle (Def.1 – Def.5). The boxes at the bottom of the 
figure refer to the increment of deformation between two consecutive deformed states. ........ 67 
Fig. 6.2. (a‐d) Contour plot of the vertical (εyy) strain field with overlaid grain boundaries for deformed 
states Def.2 – Def.5, respectively.  Notice the strain accumulation in the vicinity of some GBs 
in (a) and the early signs of shielding and slip transmission, which  leads to the formation of 
grain  clusters.  These  observations  (i.e.,  formation  of  grain  clusters,  slip  transmission  and 
shielding) at low magnitudes of plastic strain seems to hold with continued loading (Compare 
the marked regions in Figs. 6.2a‐d). .............................................................................................. 68 
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Fig.  6.3.  (a)  Strain  histograms  of  the  vertical  (εyy)  strains  for  deformed  states  Def.2  –Def.5.  The 
maximum strain  (i.e.,  the  right end of each histogram)  increases more  than  the  increase  in 
the minimum  strain  (i.e.,  the  left  end  of  each  histogram).  (b)  Evolution  of  the minimum, 
mean,  and maximum  field  strains. Maximum  strains  increase  significantly while minimum 
strains make minor change. Standard deviations of the histograms shown in (a). Overall, the 
figures  indicate  that  the  level  of  deformation  heterogeneity  increases  with  additional 
accumulation of plastic strains. ..................................................................................................... 73 
Fig. 6.4.  (a‐c) Strain Contour plots  (εyy) of  the difference between each  two deformed  states.   For 
example,  the contour plot  in  (a)  is generated by subtracting  the contour plot shown  in Fig. 
6.2a  (Def.2)  from  the  contour plot  in  Fig. 6.2b  (Def.3),  thus enabling  the determination of 
where  strain  accumulated  between  Def.2  and  Def.3.  The  contour  plots  indicate  that  the 
strain  evolution with  additional  loading  cycles  takes  place  in  relatively  the  same  regions 
(Notice the similarity between the locations of high strains in Figs. 6.4a‐c). ................................ 74 
Fig. 6.5. (a) Contour plot of the εyy strain field for a selected region (a subset of the entire field shown 
on Fig. 6.2d). (b) An SEM image at the same deformed state (Def.5). The slip traces, which are 
clearly  observed  in  the  SEM  image,  were  identified  using  the  crystal  orientations  of  the 
marked grains (Grain I, II, and III). ................................................................................................. 78 
Fig.  6.6.  (a)  Contour  plots  of  the  shear  strains  (݀ߛఈ)  with  the  highest  strain magnitudes  in  the 
selected region plotted in Fig. 6.5. The contour plots are shown for deformed states Def.2 (a‐
d), Def.3 (e‐h), Def.4 (i‐l), and Def. 5 (m‐p). Notice that the systems that are clearly active at 
deformed  state  Def.  2  continue  to  be  active  in  consecutive  deformed  states  and  they 
accumulate  additional  strains. The  slip  systems  that  showed no activity  at deformed  state 
Def.  2  (e.g.,  for  grains  I  and  II  see  Figs.  6.6  c)  were  activated  in  later  deformed  states 
(compare Figs. 6.6 c and g). This indicates that the number of activated slip systems evolves 
(increases) at larger levels of deformation.. .................................................................................. 79 
Fig. 6.7. (a‐b) The evolution of the average ݀ߛఈ  for Grains I and III (all the 12 slip systems). For Grain I 
(Fig. 6.7a), system 8 dominates and accumulates the highest magnitudes of strains (~ 37 % of 
all magnitudes of ݀ߛఈ  on  the 12  slip  systems belong  to  system 8). None of  the other  slip 
systems are as significant as system 8 (beyond system 8, two‐three slip systems share 40 – 50 
% of all݀ߛఈ).  A similar result was also seen for Grain III as shown in (b). .................................... 80 
Fig. 6.8. (a‐d) The shear strain (݀ߛఈ) distribution of all the 12 slip systems across the entire region of 
interest for deformed states Def.2 – Def.5, respectively. The large fraction of low magnitudes 
of  shear  strains  is  associated with  slip  systems  that were  not  activated  (left  side  of  the 
distributions with low (݀ߛఈ). In this work, a cutoff shear strain magnitude of 0.2 % was used 
as a criterion to determine whether a slip system is active or not. .............................................. 82 
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Fig. 6.9. (a‐d) Histograms of the number of activated slip systems for deformed states Def.2 – Def.5, 
respectively. The histograms show that the number of activated slip systems increases across 
the entire region with additional deformation. For example, at deformed state Def.2 about 
20% of DIC measurement points have either 0 or 1 activated system; this fraction diminishes 
to 0 at deformed state Def. 5. It is emphasized however, that the activation of a slip system 
does not necessarily mean that  it will have a major contribution to the total strain (see Fig. 
6.7). ................................................................................................................................................ 84 
Fig.  6.10.  (a‐c)  Contour  plots  of  the  vertical  strain  field  εyy  (along  the  loading  direction)  at  1,000, 
10,000, and 30,000 cycles, respectively. We observe that particular regions, in the vicinity of 
GBs, accumulate strain with additional loading cycles, while other regions remain, relatively, 
unchanged with no  significant  strain  evolution.  Strain  evolution with  loading  cycles  in  the 
vicinity of a single GB  is shown  in  (d). An  increase  in strain  in  that particular  region  is seen 
while the nominal (average) strain of the entire sample remains relatively constant. ................ 87 
Fig. 7.1. (a) Hour glass sample dimensions. The entire reduced cross section was considered in EBSD, 
DIC, and SEM analysis. (b) Grain orientation map of the region of interest from EBSD. Fiducial 
markers  (Vickers  indentations) were  used  to mark  the  region  of  interest  on  the  sample’s 
surface. ........................................................................................................................................... 92 
Fig. 7.2. The fatigue loading history and the number of cycles at which DIC measurements and crack 
observations were made.  Reference  images  for  DIC were  captured  prior  to  any  imposed 
loading. After  1,000  fatigue  cycles,  the  sample was unloaded  and  removed  from  the  load 
frame to capture deformed  images covering the entire gage area (state marked ‘A’). All DIC 
measurements are based on this set of images correlated to the reference images. No cracks 
were  observed  in  ‘A’. After  9,000  additional  loading  cycles,  point  ‘B’,  fatigue  cracks were 
observed. The half cycle leading to point ‘C’ was applied to open the micro‐cracks for better 
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Fig. 7.3. (a) An example of a selected region  imaged before  loading (reference  images for DIC). The 
subset  size used  in  this work, also  the  smallest possible at  the  selected magnification and 
speckle pattern quality, is shown with a red box in the top right corner of the figure. (b) The 
same  region  but  at  deformed  state  ‘A’  (i.e.,  after  1,000  fatigue  loading  cycles). No  visible 
cracks were observed at this state. The red arrows point to the regions for which crack were 
detected  at deformed  state  ‘B’  (i.e.,  after 10,000  fatigue  loading  cycles)  as  shown  (c).  For 
better  visualization of  the  initiated micro‐cracks,  the  sample was  subjected  to  a half  cycle 
(state  ‘C’,  tensile portion only)  to open  the  cracks,  and  images were  taken  in  the  SEM  as 
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Fig.  7.4.  (a)  An  enlarged  view  showing  a  portion  of  the  images  shown  in  Figs.  7.3a‐7.3c  (region 
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Fig. 7.5.  (a‐d) Contour plot of the horizontal  (εyy), shear  (εxx), vertical  (εxy), and normal  (εzz) residual 
strain fields with overlaid grain boundaries. The reference and deformed images for DIC are a 
composite of 72 images at 25x magnification (ex‐situ). The deformed images were taken after 
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localizations  are  concentrated  around  GBs  (examples  are  marked  with  blue  and  white 
arrows) and others extend through multiple GBs (examples are marked with black and white 
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Fig. 7.7. Stitched  image of the 72  individual deformed  images at state  ‘C’ (10,000+½ Cycles). Micro‐
cracks of varying  lengths are distributed across  the entire gage area. The εpeff plastic strain 
field from Fig. 7.6 prior to crack formation was also overlaid on the optical images. A strong 
correlation between strain  localization and the  locations and  lengths of the observed cracks 
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Fig.  7.8.  (a)  Contour  plot  of  the  effective  plastic  strain  field  (εpeff)  for  a  selected  region  showing 
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some interfaces. The length of the localized slip bands vary (see for example Ls1 and Ls2). (b) 
SEM  image of  the same  region after crack  formation. The  lengths of  the micros cracks  (LC1 
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Fig. 7.9. (a) Histogram of the strain localization lengths (LS) across the entire gage area. (b) Histogram 
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to construct histogram in (a). The similarity between both histograms in (a) and (b) confirms 
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magnitudes  while  the  region  with  localized  strains  is  approached  and  a  drop  in  strain 
magnitudes  after  crossing  the  region.  These  large  gradients  in  strain  magnitudes  were 
visually used to measure the strain localization lengths (see also Fig. 7.11). ............................. 104 
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Fig. 7.12.  (a) Contour plot of  (εpeff)  for a  selected  region  showing an example of  shielding at a GB 
(Mechanism I). (b) SEM image after crack formation. Notice the similarity between LC and LS. 
Micro‐cracks were  confined within  the  grain which  exhibited  pronounced  slip  activity,  as 
shown  in  (a), and did not extend across the shielding GB.  In the SEM  image, b1 (blue trace) 
represents the activated slip system (i.e., incident slip). b2 (black trace) and b3 (red trace) are 
the  traces  of  the  two  slip  systems  with  the  highest  Schmid  factors  across  the  GB.  The 
reactions associated with activation of any of these two systems through transmission from 
b1 are reported  in (c). Notice the high magnitudes of br which may have contributed to fact 
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shown in Fig. 13a. Traces of the activated slip planes are shown on the EBSD grain orientation 
map  in  (b).  The  slip  transmission  reactions  are  shown  in  (c). Notice  that  the  transmitted 
system  through  the  first GB acts as  incident slip  for  the other GB  to  left of  the  figure. This 
sequence of slip transmission through multiple GBs leads to the formation of a grain cluster 
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Fig. 8.1. The evolution of the individual (colored lines) and total (black line) energy rate terms shown 
in Eq.  (8.1) with  increasing  loading  cycles. Each  term  is expressed as  the energy derivative 
with respect to the slip increment,  iX ( iX  shown in the inset figure). Initiation is predicted 
once the total energy reaches a stable minimum (i.e., its derivative is zero) in addition to the 
second derivative being positive.(marked with an arrow in the figure) ..................................... 118 
Fig 8.2. Stress‐strain response for selected cycles. Initial hardening is observed followed by softening. 
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Fig. 8.3. Stress range versus fatigue cycle number (for the same sample as shown  in Fig. 8.2).  Initial 
hardening  is  observed  followed  by  a  linear  softening.  Once  a  major  macrocrack  has 
developed, accelerated drop in stress range is seen with additional loading cycles. The life of 
the sample was assumed to correspond to this transition point as marked in the figure. ......... 122 
Fig. 8.4.  (a) SEM micrograph of the sample shown  in Figs. 8.2 – 8.3 after  failure. Both the sample’s 
surface  and  the  fracture  surface  are  shown.  (b) Higher magnification  image  of  the  region 
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Fig. 8.5.  (a) Grain orientation map of  a  selected  region. This  information  is utilized by  the  fatigue 
model  to predict  the number of cycles  for crack  initiation  (GB  life) as shown  in  (b)  for 1 % 
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Fig.  8.6.  The  number  of  cycles  for  fatigue  crack  initiation,  as  predicted  from  the  model  (red 
diamonds),  and  experimental  life  data  (black  triangles)  for  different  strain  ranges.  The 
simulations are established  from 300 different  simulated microstructures. The  inset  to  the 
left shows a grain cluster with a low number of cycles to crack initiation. This grain cluster is 
comprised  of  a  large  grain  surrounded  by  smaller  grains,  and  its  grain  boundary 
characteristics  are mainly  Σ3  twins.  The  grain  cluster  shown  in  the  inset  to  the  right  has 
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Chapter 1: Introduction 
1.1. Slip Transfer and Plastic Strain Accumulation across Grain Boundaries 
During the deformation of polycrystalline metals, some grain boundaries (GBs) act as 
barriers that block slip and result in dislocation pile-ups and stress concentrations (Eshelby 
1951; Hall 1951; Petch 1953). Other boundaries allow either partial or full transmission of the 
incident dislocations across the GB. In the case of partial dislocation transmission, a residual 
dislocation is left in the GB plane, and in the case of full transmission, the cross-boundary 
dislocation reaction takes place with no residual Burgers vector, i.e., crossslip (Sutton and 
Balluffi 2006). The magnitude of the residual Burgers vector in the GB plane has a predominant 
effect on the GB resistance against slip transmission (Lim 1984; Lim and Raj 1985; Lee, 
Robertson et al. 1989). It is expected that those boundaries that are conducive to slip 
transmission result in low residual Burgers vectors in the GB plane and exhibit slip induced 
strains across both sides of the interface. In contrast, boundaries that block slip are expected to 
exhibit high strains in one of the grains across the interface, but relatively strain free zones in 
the adjacent grain. This correlation between GB resistance to slip transmission and the 
magnitude of plastic strains across GBs requires further quantitative investigation as it can 
improve our understanding of plasticity at the microstructural level and the buildup of strains that 
could be a precursor for fatigue crack formation. In the present study, our aim is to develop not 
only a deeper understanding of strain accumulation in the vicinity of GBs within a polycrystalline 
aggregate, but also a quantitative evaluation of the resistance of GBs to slip transmission that 
can eventually be used in a predictive fashion. In the first part of this thesis we focus on the role 
of slip transmission in the uniaxial plastic deformation response of the nickel-based superalloy, 
Hastelloy X.  
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1.2. Fatigue Crack Initiation 
Fatigue crack initiation is a complex phenomenon for which a comprehensive 
quantitative understanding is still in progress (Mughrabi 2010). Part of the intricacies are 
associated with the fact that the local deformation response and the driving forces for fatigue 
crack initiation can vary depending on material composition, microstructure, loading conditions, 
etc (Suresh 1998). In engineering alloys with low defect (e.g., inclusions and voids) content, the 
microstructure has a predominant and controlling effect on fatigue crack initiation and micro-
crack propagation (Chan 2009). In the case of pristine materials, the formation of persistent slip 
bands (PSBs) and their interaction with grain boundaries (GBs) has been identified as a primary 
source of crack initiation (Essmann, Goesele et al. 1981; Figueroa and Laird 1983; Mughrabi, 
Wang et al. 1983; Hunsche and Neumann 1986; Polak 2003; Zhang and Wang 2008). In 
general, it is widely accepted that localized plastic deformation, which is a precursor to PSB 
formation, is essential for fatigue crack initiation (Mughrabi 2009). However, it is less clear how 
the localization of plastic strains influences the length of the fatigue cracks which initiate later in 
the fatigue life after strain localization has occurred. In this work, this particular issue will be 
addressed using high resolution, sub-grain level deformation measurements along with 
microstructural characterization and fatigue crack length measurements for the polycrystalline 
nickel-based superalloy Hastelloy X. The results provide quantitative insight into the level of 
deformation heterogeneities developing under cyclic loading conditions and shed light into the 
role of GBs in blocking or transmitting slip across interfaces. We also illustrate how these factors 
control fatigue crack formation lengths. 
1.3. Fatigue Life Scatter 
Variability in the material at the microstructural level, and consequently in the local 
deformation response, has been known to contribute to the excessive scatter in the fatigue lives 
of polycrystalline metals. Several microstructure-based models have been proposed to explain 
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and predict this experimentally observed scatter in life, e.g., (Findley and Saxena 2006; Dunne, 
Wilkinson et al. 2007; Christ, Duber et al. 2009; McDowell and Dunne 2010; Sangid, Maier et al. 
2011). In general, these types of models are based on describing the local, inhomogeneous 
material response under cyclic loading and proposing a critical condition for crack initiation. 
Different crack initiation criteria have been introduced which reflect the state of knowledge on 
the mechanism of crack nucleation and the state variables that can be described either through 
modeling or experiments. Although significant progress in the modeling aspect has been made, 
supportive quantitative, full field, and multiscale experimental work is limited. These kinds of 
measurements, e.g., the full field experimental measurement of strain evolution at the grain 
level in fatigue, are challenging but can provide crucial and specific information that will help 
advance our current knowledge of the early stages of fatigue crack initiation and thus help 
improve crack initiation models. In this part of the work, we aim to explore the scatter in fatigue 
life for a nickel-based superalloy, Hastelloy X, through experiments and simulations. We also 
use Digital Image Correlation (DIC) in conjunction with Electron Backscatter Diffraction (EBSD) 
to make high resolution strain measurements at the microstructural level and evaluate the role 
of GBs in introducing strain heterogeneities. The experimental observations are discussed in 
relation to the crack initiation fatigue model used in this work. 
1.4. Summary of Research Objectives and Approach 
1. In the first part of this work, we seek to further investigate the role of the residual Burgers 
vector in slip transmission and plastic strain accumulation at the mesoscale. To 
accomplish this, we report the analysis of a systematic experiment (described in Chapter 
4), in which DIC, in conjunction with EBSD, were used to interrogate deformation in the 
vicinity of GBs for an entire microstructure. We have established the shear strains on 
crystallographic slip systems on both sides of every GB in the microstructure (i.e., 
determined local slip system activity). From this information, regarding activated slip 
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systems, we computed estimates of the residual Burgers vector and magnitudes of 
strain accumulation in the mantle regions due to slip transmission. The results reported 
in this study provide a better understanding of the role of GBs in mediating slip and 
causing local deformation heterogeneities. 
2. The second part of this thesis is focused on the experimental analysis of fatigue crack 
formation in polycrystalline Hastelloy X. We utilized deformation measurements with 
sub-grain level resolution (from DIC) and microstructural characterization (from EBSD) to 
evaluate the heterogeneous material response under cyclic loading conditions. The 
localization of plastic strains is discussed in relation to the micro-cracks (observed in the 
SEM) which developed later in the life of the sample. The correlation between the length 
of fatigue cracks, which includes initiation, and micro-crack propagation to lengths where 
it is still dominated by the local microstructure (i.e., crack formation) and the length of 
strain localization bands (i.e., bands of high strains surrounded by relatively low strain 
regions) was established. We further consider the difference in GB response in blocking 
and transmitting slip and demonstrate how these two mechanisms influence strain 
magnitudes across GBs and consequently the fatigue crack lengths. 
3. In the last part of the work we demonstrate how physics based fatigue modeling and 
high resolution deformation measurements can be utilized to better understand the role 
of GBs in fatigue crack initiation and help explain and predict the experimentally 
observed scatter in life under cyclic loading conditions. To do so, we present high 
resolution DIC/EBSD results for strain accumulation at the microstructural level and 
describe how these results can be used to shed light into the specific GB response in 
blocking or transmitting slip (which leads to the formation of grain clusters). The 
experimental observations along with SEM analysis of fatigue cracks in Hastelloy X were 
used to justify modeling crack initiation based on PSB-GB interaction. Also, life 
predictions from simulations were obtained using the fatigue crack initiation model and 
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compared to experimental life data for the Hastelloy X subjected to fatigue loading. The 
simulations were based on actual microstructure characterization that we established in 
this work using EBSD. The implementation of this model provided simulation results of 
the scatter in fatigue life that are consistent with the scatter observed from experiments.  
1.5. Thesis Outline 
 This thesis is presented in nine Chapters. A brief overview of each Chapter is given in 
this section.  
In Chapter 2, background information of the different topics addressed in this work is 
given. This includes a brief review of previous works on studying slip transmission, fatigue crack 
initiation, and scatter in fatigue life. Also the fundamentals of the tools utilized in the 
experimental work are presented.  
In Chapter 3, microstructural characterization of the material considered in this work is 
presented. The experimental details of sample preparation and how digital image correlation 
and EBSD were simultaneously utilized to make high resolution strain measurements at the 
microstructural level are also discussed in this chapter. 
In Chapter 4, we present high resolution ex situ digital image correlation (DIC) results for 
a sample deformed in uniaxial tension. The heterogeneity of the strain fields and how the 
combination of strain measurements (DIC) and grain orientation characterization (EBSD) were 
used to determine the local slip system activity are addressed in Chapter 4. 
In Chapter 5, the results presented in Chapter 4 were utilized to study the variations in 
strain magnitudes in the vicinity of GBs focusing on the role of slip transmission across GBs in 
the development of strain heterogeneities. 
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In Chapter 6, high resolution ex situ DIC was used to measure the evolution of plastic 
strains in samples subjected to incremental monotonic loading and fatigue. We focus on the 
level of deformation heterogeneity and how it changes with continued loading. 
In Chapter 7, we study the localization of plastic strain prior to fatigue crack formation 
using high resolution DIC. The correlation between strain localization and the location and 
length of fatigue cracks are discussed in this Chapter. We also illustrate how the deformation 
mechanisms in the vicinity of GBs (blocking or transmission) influence fatigue crack lengths. 
In Chapter 8, we present the results of a collaborative effort that was aimed to explore 
the scatter in fatigue life for Hastelloy X, through experiments and simulations. Experiments 
were conducted on Hastelloy X under fatigue conditions and observations of fatigue damage 
are reported. Fatigue life simulations were conducted utilizing a recent fatigue model which 
considers persistent slip band (PSB) – GB interaction. The collaborative effort enabled a critical 
evaluation of some aspects of the modeling approach, particularly the formation of grain clusters 
and their influence on fatigue life. Also the role of special GBs, mainly annealing twin 
boundaries (Σ3 GBs), was also evaluated.  
In Chapter 9, the main conclusions of this work are summarized. Also recommendation 
and suggestion for future work are made. 
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Chapter 2: Background 
In this Chapter, a brief overview of relevant background information is presented. We 
also point out the specific issues that will be addressed in order to advance the current state of 
knowledge in these fields. Finally, the details of the tools utilized in the experimental work are 
explained.  
2.1. Slip Transmission across Grain Boundaries 
The fundamental understanding of slip transmission has been developed through 
studies of individual GBs (Livingston and Chalmers 1957; Shen, Wagoner et al. 1986; Lee, 
Robertson et al. 1989). In these carefully conducted experimental works, different parameters 
were utilized to help predict the experimentally observed slip transmission reactions. Livingston 
and Chalmers (1957) proposed a geometric criterion for predicting specific slip system 
activation across a boundary due to a dislocation pile-up. A modified version of this criterion was 
introduced by Shen et al., (1986) in which they added an additional requirement that the 
resolved shear stress on the outgoing, activated system had to be maximized. Lim and Raj 
(1985), suggested that the residual dislocation in the grain boundary plane (i.e., in the case of 
partial transmission) plays an important role in the mechanism of slip transfer.  Minimizing this 
residual dislocation in the boundary was later incorporated by Lee et al., (1989; 1990) as an 
additional criterion for slip transfer prediction (LRB criterion). An additional level of analysis was 
made possible through simulations at the atomic level, e.g., molecular dynamics (MD) 
simulations. This tool provides the means for quantitative studies of the details of dislocation/GB 
interactions for different dislocation types and GB structures. For example, Jin et al., (2008) 
have explained different interaction behaviors, in addition to slip transmission, using material 
dependent energy barriers to nucleate partial dislocations. Dewald and Curtin (2011) have used 
MD simulations to formulate a modified criterion for slip transmission which incorporates, in 
addition to the LRB criterion, the characteristics of the GB dislocations and GB steps, and the 
8 
 
effect of non-Schmid stresses. These kinds of simulations in conjunction with experimental work 
have helped develop our fundamental understanding of dislocation GB interaction. 
In the experimental studies on slip transmission, the residual Burgers vector (br) was 
established using transmission electron microscopy (TEM), while in MD it was predicted from 
simulations that consider single dislocation/GB interaction (Ezaz, Sangid et al. 2010) or a pile-
up (Dewald and Curtin 2007; Dewald and Curtin 2007; Dewald and Curtin 2011). In both cases, 
a finite number of GBs have been considered. However, as the need to relate microstructural 
behavior to macroscale response through multiscale models and experiments is increasing, it 
will be of interest to examine such slip transmission/blockage over a much larger number of 
GBs than is possible in a TEM or through simulations. Therefore, for further insight into the role 
of br in slip transmission and plastic strain accumulation across multiple interfaces, the 
consideration of a large number of GBs in a polycrystalline aggregate was pursued in this work.  
In this study, high-resolution DIC was used to obtain measurements of plastic strain 
accumulation across GBs. This information, along with crystallographic orientation 
measurements from EBSD was utilized to establish the residual dislocations due to slip 
transmission. Based on these quantitative results, we investigate the relationship between br 
and the magnitudes of strains across GBs due to slip transmission. 
2.2. Fatigue Crack Initiation 
Heterogeneous plastic flow and strain accumulation at the microstructural level are 
precursors to fatigue crack initiation (Finney and Laird 1975; Cheng and Laird 1981; Laird, 
Finney et al. 1981; Mughrabi, Wang et al. 1983). Generally speaking, grain size (Meyers and 
Ashworth 1982; Lukas and Kunz 1987), grain orientation (Cheong and Busso 2006), orientation 
of neighboring grains (Guilhem, Basseville et al. 2010), and the presence of grain boundaries all 
influence the local material response leading to heterogeneous stress and strain fields at the 
microstructural scale. Grain boundaries are particularly important and their role has been a 
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subject of extensive research (Boettner, McEvily et al. 1964; Hirth 1972; Thompson 1972; 
Sutton and Balluffi 2006; Zhang and Wang 2008; Bieler, Eisenlohr et al. 2009; Sangid, Maier et 
al. 2011). Various theories have been put forward to explain the inhomogeneity of deformation 
in the vicinity of GBs. For example, at the grain level, crystal anisotropy introduces additional 
stresses due to elastic and plastic incompatibilities (Hirth 1972; Gemperlová, Paidar et al. 1989; 
Peralta, Llanes et al. 1994; Miao, Pollock et al. 2009). Defects in the GB plane (e.g., GB 
dislocations and steps (Sutton and Balluffi 2006)) have also been described as stress 
concentration sites. Other works have focused on the heterogeneities introduced by the 
interaction of slip with GBs. In earlier studies, GBs were described as barriers to dislocation 
motion, thus leading to the creation of pile-ups and stress concentration (Eshelby 1951; Hall 
1951; Petch 1953). Later works have explored the transmission of slip across GBs with focus on 
the importance of the residual Burgers vector in determining the final cross boundary reaction 
and the strain magnitudes across transmitting GBs (Lim and Raj 1985; Shen, Wagoner et al. 
1986; Lee, Robertson et al. 1989; Ma, Roters et al. 2006; Curtin 2011; Sangid, Ezaz et al. 2011; 
Abuzaid, Sangid et al. 2012). Another important aspect in slip-GB interaction, which pertains to 
cyclic loading conditions, is slip irreversibility across the GB resulting in the accumulation of 
heterogeneous plastic strains with continued loading (Mughrabi, Wang et al. 1983; Risbet, 
Feaugas et al. 2003; Risbet and Feaugas 2008; Mughrabi 2009; Man, Vystavel et al. 2011).  
The manifestation of the deformation heterogeneities introduced by GBs at the 
mesoscale can be in the form of strain localization (Abuzaid, Sangid et al. 2012). An example, 
also a focus in this thesis, is the interaction of slip with a GB which may lead either to 
transmission across the boundary or to the creation of a pile-up and blockage of slip as 
illustrated schematically and with photographs of each case in Fig. 2.1. The analysis of these 
types of slip-GB reactions is complicated and may involve leaving residual dislocations in the 
GB plane (in the case of partial dislocation transmission) or the formation of GB steps (to relieve 
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the high stresses associated with pile-ups) (Lee, Robertson et al. 1990; Curtin 2011; Sangid, 
Ezaz et al. 2012). Nevertheless, one may generally expect high strains across the interface in 
the case of transmission and high strains on only the pile-up side in the case of blockage. 
Fatigue cracks initiating in the vicinity of transmitting and shielding GBs can potentially be 
different due to variation in the area, i.e., number of grains, with localized plasticity (see Fig. 
2.1). For example, in the shielding case, slip may be confined in a single grain with a pile-up 
created at the slip-GB interface and in the case of transmission, slip dislocations continue their 
motion through transmitting GBs which results in a longer PSB length. Note that transmission of 
slip through multiple GBs leads to the formation of grain clusters which are important in fatigue 
failure as discussed by many authors (Davidson, Tryon et al. 2007; Guilhem, Basseville et al. 
2010; Sangid, Maier et al. 2011). The correlation between these two different deformation 
mechanisms (shielding and slip transmission) in the vicinity of GBs and fatigue crack initiation, 
particularly the length of fatigue cracks that form upon transformation of the slip band to a finite 
crack size, requires further investigation. Also, it is noted that no clear connection between slip 
transfer and crack formation exists. One viewpoint is that as slip is allowed to traverse the GB, 
and therefore relieve stresses, these transmitting GBs will not crack (Zhang, Wang et al. 2003). 
Another perspective is that the accumulation of residual dislocations in the case of partial 
transmission will create stress concentrations and nucleate fatigue cracks. These fundamental 
issues, and the correlation with fatigue crack lengths, will be addressed in this study. The results 
are important as they shed light into crack formation lengths based on the understanding of 
deformation mechanisms which localize plasticity in the vicinity of GBs prior to cracking. 
It is noted that the majority of available experimental work on fatigue incorporates 
measurement of the nominal sample response, i.e., the average stress-strain or hysteresis 
loops, life data, and postmortem microstructural analysis to determine the possible deformation 
mechanisms and/or critical microstructural features, e.g., grain boundaries, which initiated 
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cracks (Suresh 1998; Zhang and Wang 2008). Techniques as TEM and SEM have been 
typically used for the microstructural observations and have provided the basis for the 
fundamental understanding of the critical features vulnerable for crack initiation. However, it is 
evident that only a limited number of cases can be practically investigated using these 
techniques. Also, no direct correlation with strain accumulation prior to crack initiation is 
possible, quantitatively. Full field deformation measurements at a length scale of individual 
grains but yet over substantial regions spanning 1000’s of grains can overcome some of the 
limitations associated with the much higher resolution techniques, e.g., TEM and SEM. By 
surveying large areas one can focus on critical regions which may not be observable with a 
single length scale technique or with focused analysis on a limited region. Extension of full field 
measurement techniques to high resolution assessment of deformation in relation to the 
underlying microstructure (characterized using techniques such as electron backscatter 
diffraction, EBSD) has been well demonstrated in the literature for monotonic loading (Barbe, 
Forest et al. 2001; Sachtleber, Zhao et al. 2002; Tatschl and Kolednik 2003; Zaefferer, Kuo et 
al. 2003; Heripre, Dexet et al. 2007; Zhao, Ramesh et al. 2008; Bartali, Aubin et al. 2009) and 
fatigue crack growth (Carroll, Abuzaid et al. 2012). There has been less work, however, 
considering fatigue crack initiation in a structural alloy where local strain accumulation and 
microstructural information are addressed simultaneously (Sackett, Germain et al. 2007; 
Niendorf, Dadda et al. 2009). Such a quantitative assessment of the local material response and 
deformation heterogeneities at the microstructural level can improve our understanding of the 
localization of plastic strains leading to fatigue crack initiation. In this work, we have measured 
the local heterogeneity of deformation developing under fatigue loading and utilized the results 
to shed further light into the influence it has on fatigue crack formation. Particularly we focused 
on the deformation response in the vicinity of GBs which are known to influence fatigue crack 
formation. 
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Fig. 2.1. (a) An SEM image showing pronounced slip activity on one side of a grain boundary and 
relatively no activity on the other side across the interface. This represents an example of 
shielding at a GB for which a pile-up is created (Mechanism I). This case is shown schematically 
in (b). (c) An SEM image showing evidence of slip transmission across the GB as depicted by the 
continuous slip traces across the interface (Mechanism II). (d) Shows a schematic for the 
transmission case which can also lead to the creation of a residual dislocation in the GB plane 
(br).  
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2.3. Fatigue Crack Initiation Models 
 
Much of the previous works in fatigue has been focused on macroscopic measurements 
such as nominal stress/strain evolution and fatigue life. Modeling approaches at the same 
length scale have utilized these works in developing total life models where distinction between 
initiation and crack propagation is not generally made. These approaches have enabled much 
progress but do not provide insight into the experimentally observed scatter in fatigue life under 
similar loading condition. This scatter has been typically associated with the local microstructure 
and the influence it has on fatigue crack initiation (McDowell and Dunne 2010; Sangid, Maier et 
al. 2011). Also, the microstructural features (e.g., GB types) susceptible for fatigue crack 
initiation cannot be assessed or predicted. In critical applications, such as in turbine engines, 
more accurate predictions of the number of cycles to initiate cracks are of great importance and 
require more refined and focused experimental and modeling work. On the modeling side, 
several approaches at different length scales have been put forward for local crack initiation 
predictions (crack initiation models) (McDowell and Dunne 2010). For example, researchers 
have proposed fatigue indicator parameters based on a critical accumulated slip (Manonukul 
and Dunne 2004; Dunne, Wilkinson et al. 2007), indicators based on the Fatemi-Socie 
parameter for multiaxial fatigue (Fatemi and Socie 1988) which includes the plastic shear strain 
within slip bands and the normal stress to the plane of maximum shear strain (Findley and 
Saxena 2006; McDowell 2007), critical stress, or on energy considerations (Cheong, Smillie et 
al. 2007). In general, the local strain or stress measurements required for these crack initiation 
parameters were obtained using finite element crystal plasticity simulations, e.g., (Manonukul 
and Dunne 2004; Cheong, Smillie et al. 2007; Dunne, Wilkinson et al. 2007; Bridier, McDowell 
et al. 2009; Wang, Daniewicz et al. 2009; Guilhem, Basseville et al. 2010; McDowell and Dunne 
2010). Other modeling approaches rely on dislocation-GB interaction. The foundation for these 
types of models goes back to the early work of Lin and Ito (Lin and Ito 1969), Tanaka and Mura 
(Tanaka and Mura 1981), and Mughrabi and coworkers (Mughrabi, Wang et al. 1983) on 
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persistent slip band (PSB) mechanisms. More recently, significant advances have been made in 
this field with the use of improved computational tools such as atomistic simulations (Sangid, 
Maier et al. 2011; Sangid, Maier et al. 2011). Sangid et al. (2011; 2011), proposed a model for 
fatigue crack initiation based on the energy of PSB interacting with a GB. The model considers 
the specifics of the GB structure (Brandon 1966), and the differences in energy barriers for slip 
nucleation and slip transmission across different GBs (Sangid, Ezaz et al. 2011) and different 
grain clusters (Sangid, Maier et al. 2011). (Note that the concept of grain clusters, i.e., groups of 
grains connected by low angle GBs, which allow for slip transmission, controlling fatigue 
damage has been previously addressed in various experimental and numerical studies, e.g., 
(Davidson, Tryon et al. 2007; Kwai S 2009; Guilhem, Basseville et al. 2010). The ability to 
determine the critical GB types for fatigue crack initiation as well as the scatter in life are the 
main strengths of this model  (Sangid, Maier et al. 2011; Sangid, Maier et al. 2011). Another 
body of works have formulated fracture initiation parameters based on the slip transfer concept 
(Simkin, Crimp et al. 2003; Ng, Bieler et al. 2005; Bieler, Eisenlohr et al. 2009). These 
parameters are geometric in nature (related to slip planes and slip directions across GBs, 
normal to GB plane, and Schmid factors) and were used to predict the susceptible GBs for 
crack nucleation.  
In this thesis, we specifically investigate the scatter in fatigue life for Hastelloy X. On the 
modeling side, the recent fatigue model by Sangid et al. (2011; 2011), which was originally 
developed for another nickel-based superalloy (Udimet 720), was adapted for Hastelloy X. 
Experimentally, observations of fatigue damage are reported (see for example Fig. 2.2) in 
conjunction with measurements of local strains using digital image correlation (DIC). Through 
this work, which is a collaborative effort, we provide a critical evaluation of some aspects of the 
modeling approach, particularly the formation of grain clusters and their influence on fatigue life. 
Also the role of special GBs, mainly annealing twin boundaries (Σ3 GBs), are also evaluated.    
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Fig. 2.2. (a-b) SEM micrographs showing micro cracks in the vicinity of slip band-grain boundary 
interaction regions resulting from fatigue loading prior to sample complete failure. The 
observations we make on fatigue cracks in Hastelloy X supports the approach to model fatigue 
crack initiation based on PSB-GB crack initiation. 
2.4. Digital Image Correlation for High Resolution Strain Measurements  
In DIC, images of the deformed region of interest are correlated to a reference image (of 
the same region prior to deformation) to make full field measurements of displacements. 
Afterwards, the in-plane strain fields are calculated through differentiation of the vertical and 
horizontal displacement fields (Sutton, Wolters et al. 1983). To obtain accurate strain 
measurements with sub-grain level resolution using DIC, it is necessary to increase the 
magnification at which reference and deformed images are captured (Efstathiou, Sehitoglu et al. 
2010).  For example, at 50x magnification, a single image covers an area of only 140 x 104 μm 
(see Fig. 2.3). The limitation associated with high magnification imaging is that it reduces the 
field of view and thus imposes limitations on the area/number of grains that can be studied. The 
ex situ technique used in this study, described in detail in (Carroll, Abuzaid et al. 2010), 
addresses this problem and enables high resolution measurements over relatively large areas 
by capturing and stitching enough high magnification images to cover the required region of 
interest. 
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Fig. 2.3. Relative image sizes at several magnifications. Notice that the field of view decreases 
with increased magnification. To monitor the region of interest marked with the blue dashed line, 
one image at 1.6 x is sufficient to cover the complete region while a series of images is needed if 
the magnification is increased above 10 x. 
The required resolution depends on the microstructural features present in the material 
such as grain size. As these features get smaller, images at higher magnifications will be 
required. Table 2.1 lists several magnifications along with their corresponding field of view 
(compare to Fig. 2.3), image resolution and subset size. As discussed in (Carroll, Abuzaid et 
al.), a subset sizes that is roughly one fourth the grain diameter provides sufficient resolution for 
strain measurements at the grain level. 
Table 2.1. Measurement resolution properties at several magnifications 
Magnification Field of View 
(μm) 
Resolution 
(μm/pixel) 
Subset Size  
(101 pixel), (μm) 
1x 7000 x 5200 4.36 440 
5x 1400 x 1000 0.868 88 
10x 700 x 520 0.436 44 
25x 280 x 200 0.174 18 
50x 140 x 100 0.087 9 
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Chapter 3: Material and Methods 
3.1. Material 
Commercially available polycrystalline Hastelloy X, a nickel-based superalloy, was 
investigated in this study. The chemical composition for Hastelloy X is given in Table 3.1. This 
alloy is known for its oxidation resistance, fabricability, and strength at elevated temperatures. 
Strengthening is achieved through solid-solution heat treatment at 1177 ºC (2150 ºF). Figure 
3.1a shows a typical grain orientation map of the microstructure in the as received conditions. 
No texture was observed on the surface. The total number of grains in the region shown in Fig. 
3.1a is 2789 grains. A histogram of grain diameters is shown in Fig. 3.1b. A wide distribution of 
grain sizes is observed with small and large grains (up to 120 μm for the region shown in 
Fig.3.1a). The average grain diameter of ~ 24 μm (annealing twins are considered as individual 
grains in our analysis). The percentage of annealing twin boundaries (Σ3 type GBs using the 
coincident site lattice, CSL, notation) was about 30% of the total number of GBs, which 
corresponds to about 65 % of the total CSL content as shown in Fig. 3.1c. 
Table 3.1. Nominal Chemical Composition of Hastelloy X  
Element  Weight (%) 
Chromium 22 
Iron 18 
Molybdenum 9 
Cobalt 1.5 
Tungsten 0.6 
Carbon 0.1 
Manganese 1 (Maximum) 
Silicon 1 (Maximum) 
Boron 0.008 (Maximum) 
Nickel 47 (Balance) 
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Fig. 3.1. (a) Grain orientation map from EBSD. Random orientation is observed with no preferred 
texture. (b) Histogram of grain diameters obtained from the EBSD map shown in (a). A wide range 
of grain sizes is shown with an average diameter of 24 μm. (c) Grain boundary character 
distribution in CSL notation showing a high percentage of annealing twin boundaries (i.e., Σ3 
boundaries).  
 
3.2. Sample Preparation  
All the specimens investigated in this work were electric discharge machined from a 3.2 
mm thick sheet in the as received condition. Sample geometry varied depending on the 
intended loading (i.e., uniaxial tension and fatigue) and will be presented where the results for 
each test are discussed. Surface preparation prior to testing consisted of mechanical polishing 
using SiC paper (up to P1200), finer polishing using alumina polishing powder (up to 0.3 μm), 
and vibro-polishing with colloidal silica (0.05 μm). The final surface finish was adequate for 
microstructural surface characterization using EBSD and was also required for high resolution 
deformation measurements using DIC.  
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For the TEM studies, 1 mm slices were cut from the samples using a low-speed 
diamond saw. Next, the samples were ground down to 150 µm, and then large electron-
transparent areas were obtained by twin-jet polishing with an electrolyte consisting of 5 vol.% 
perchloric acid in ethanol at −23 ºC. 
3.3. Mechanical Testing 
 All specimens were deformed using a servo-hydraulic load frame in either load or strain 
control. In the cases where loading was done in strain control, a 12.7 mm (½˝) gauge length 
extensometer was used. Where applicable, reference and deformed images for DIC 
measurements were simultaneously acquired during loading (in situ). A custom Labview 
program was used to control the load frame and precisely synchronize captured images with 
corresponding load and extensometer strain measurements. 
3.4. Deformation Measurements using Digital Image Correlation 
In situ and ex situ DIC measurements were performed in this work. For in situ DIC, 
reference and deformed images were acquired real-time during deformation. An IMI Tech 1200ft 
camera (1600 x 1200 pixels) and a Navitar variable zoom optical lens system were used to 
acquire images at 2x magnification (2.12 μm/pixel).  The entire region of interest was captured 
by a single image. For ex situ DIC, reference and deformed images were captured using an 
optical microscope equipped with an IMI Tech 1200ft camera at 10x (0.436 μm/pixel), 25x 
(0.174 μm/pixel), or 31x (0.14 μm/pixel) magnifications. Due to reduction in the image field of 
view with increased magnification, an array of overlapping images, for reference and each 
deformed state, was required to cover the selected region of interest for DIC measurements. In 
each case, the sample had to be removed from the load frame to acquire the images using the 
optical microscope. Therefore, the measured strain fields using ex situ DIC represent the 
residual strains (plasticity dominated) at a particular deformed state after unloading the sample. 
Figure 3.2 shows an illustration highlighting the differences between in situ and ex situ DIC.  
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Fig. 3.2. In situ and ex situ DIC. For in situ measurements, DIC correlations are obtained at each 
deformed state (where images are captured) throughout the loading history. The measured strains 
represent total strains (elastic and plastic). Only one image can be captured at each deformed 
state to cover the region of interest. For ex situ measurements, DIC correlations are obtained at 
the final deformed state only (after unloading). The measured strains represent the residual 
strains only. Many reference and deformed image arrays can be captured to cover the region of 
interest at larger magnifications compared to what can be done using in situ measurements. 
 
For all the samples where ex situ DIC was performed, the underlying microstructure in 
the same region of interest was also characterized on the sample’s surface. The purpose of 
these experiments was to establish high resolution deformation measurements and analyze the 
measured strain fields in relation to microstructural features, particularly grain boundaries. The 
experimental procedure is briefly described below and in detail in (Carroll, Abuzaid et al. 2010). 
1- Marking the region of interest: After sample preparation as described above, the 
required region of interest is outlined on the specimen’s surface using Vickers 
indentation marks (fiducial markers). These features are approximately 25 µm wide 
and clearly appear in both, optical images (for DIC) and SEM images (for 
microstructural characterization). Accurate alignment between the optical images, 
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and consequently the DIC strain fields, and the underlying microstructure in the 
same region is achieved using the fiducial markers (see Fig. 3.3). 
2- Microstructural characterization using EBSD: Using a Scanning Electron Microscope 
(SEM) equipped with an EBSD detector, the microstructure of the specimen in the 
region of interest (marked with fiducial markers) is characterized. Depending on the 
size of the region of interest, multiple scans may be required to cover the region. 
3- Introducing a speckle pattern for DIC: A special speckle pattern for high resolution 
DIC (high magnification imaging) is required. The speckles have to be small so that 
DIC can be used with high image magnifications. In this work, two different 
procedures were adopted. In the first one, a fine speckle pattern was created by 
depositing 1 μm silicon particles onto the sample’s surface. In the second procedure, 
a fine speckle pattern was achieved by roughening the highly polished surfaces, i.e., 
EBSD quality, with silicon carbide powder (1000 Grit). A comparison between the 
two methods is given in Table 3.2. 
Table 3.2. Comparison between the two procedures for creating a fine speckle pattern 
Aspect  Silicon Particles Surface Roughening 
Application 
Procedure 
 Complicated and may require 
multiple attempts until 
adequate pattern is achieved.
 Must be done in increments 
to avoid particle clustering. 
After each increments, the 
pattern quality must be 
checked in the microscope 
 Relatively easy to introduce 
on the sample’s surface. 
 Most of the times, good 
results can be obtained from 
the first attempt. 
 
 
Image 
Magnification 
 In the range of 5x - 50x. 
 A typical subset size at 50x is 
101 pixels (9 µm). 
 In the range of 5x - 50x. 
 A typical subset size at 25x is 
27 pixels (4.7 µm). 
Removal  Easy to remove. Surface 
finish quality is retained. 
 SEM/EBSD analysis after 
deformation is possible. 
 Needs re-polishing. 
 SEM/EBSD not possible 
without extensive preparation 
and some material removal.  
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4- Capturing reference images: Typically and due to the increased imaging 
magnification, a series (grid) of overlapping images is required to cover a 
considerable region of interest. 
5- Deformation: Installing the sample in the load frame and applying the required load. 
Extreme care must be practiced to avoid touching the DIC surface which would 
damage the created speckle pattern. 
6- Capturing deformed images: The sample is removed from the load frame so that 
deformed images can be captured in the optical microscope. The exact same 
imaging conditions as for the reference images must be insured. 
7- Running DIC correlations: The strain fields from DIC are obtained after capturing 
reference and deformed images. In this work, two different approaches for getting 
DIC results were followed. In the first approach, the reference and deformed image 
arrays were stitched together to form very large images (with size on the order of 100 
megapixels) on which DIC was performed. Image stitching was accomplished using 
a plugin for the open-source Fiji imaging software. In the second approach, each pair 
of individual reference and deformed images were correlated individually, and the 
DIC strain fields resulting from all of the correlations were then stitched together 
using an in-house MATLAB code. A brief comparison between the two methods is 
given in Table 3.3. Additional details and more elaborate discussion of the 
advantages and disadvantages of the two stitching procedures is given in (Carroll, 
Abuzaid et al. 2010). 
8- Establish the alignment between DIC and EBSD results: The fiducial markers visible 
in both the EBSD orientation map and DIC contour plots allow for accurate alignment 
of the measured strain fields and the underlying microstructure in the region of 
interest (i.e., spatial strain and orientation data were consolidated at each DIC 
measurement point across the region of interest).  
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Table 3.3. A brief comparison between the two stitching procedures for ex situ DIC 
Aspect  Image Stitching Results Stitching 
Number of 
DIC 
Correlations 
A single reference and deformed 
image. Therefore, only one DIC 
correlation is needed. 
A separate correlation is needed for 
each image set in the captures image 
arrays (~16-300 depending on 
magnification). 
Range of 
application 
 Image stitching introduces some 
error in the DIC measurements. 
 The introduced error becomes 
negligible once the nominal residual 
strain is > 1%. 
 Does not introduce any stitching 
errors. 
 Can be applied in cases where 
the accumulated strains are either 
low or high. 
 
The advantage of the measurement procedure explained briefly above is that it enables 
quantitative analysis of the plastic strain fields in relation to the underlying microstructure of a 
polycrystalline specimen. Different aspects of the microstructure, such as GBs and grain 
orientation, coupled with their influence on plastic strain accumulation were investigated using 
this technique as will be shown in this work.  
 
Fig. 3.3. (a) A typical specimen showing the region of interest marked with Vickers indentation 
marks (fiducial markers). (b) Grain orientation map from EBSD showing the underlying 
microstructure in the marked region. (c) The same region of interest imaged using an array of high 
magnification images (31x) in the optical microscope.  The image array in (c) shows the reference 
images. Deformed image arrays are also captured after deformation (not shown in the figure) for 
ex situ DIC. The fiducial markers visible in both the EBSD orientation map and optical images, and 
consequently DIC measurements, allow for accurate alignment of the measured strain fields and 
the underlying microstructure in the region of interest. 
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Chapter 4: High Resolution Deformation Measurements in Uniaxial Tension 
In this Chapter, high resolution ex situ digital image correlation (DIC) was used to 
measure plastic strain accumulation with sub-grain level spatial resolution for Hastelloy X 
deformed in uniaxial tension. In addition, the underlying microstructure was characterized with 
similar spatial resolution using electron backscatter diffraction (EBSD). With this combination of 
crystallographic orientation data and plastic strain measurements, the resolved shear strains on 
individual slip systems were spatially calculated across a substantial region of interest, i.e., we 
determined the local slip system activity in an aggregate of ~600 grains and annealing twins. 
The full field DIC measurements show a high level of heterogeneity in the plastic response with 
large variations in strain magnitudes within grains and across grain boundaries (GBs). Of 
particular interest was the material behavior in the vicinity of grain boundaries which may block, 
nucleate, or transmit slip across the boundary. The results presented in this Chapter sets up the 
foundation for the analysis of slip transmission which will be discussed in Chapter 5. 
4.1. Experimental Procedure 
A Dog bone specimen with 4.0 x 3.2 mm cross sectional gage area was electric 
discharge machined from a 3.2 mm thick sheet in the as received condition. The overall sample 
size (shown in Fig. 4.1a) was selected based on the load frame loading capacity and the 
maximum sample size that can be investigated using the EBSD system. The surface of the 
specimen was prepared for EBSD analysis/high resolution DIC following the procedure 
described in Section 3.2. After sample preparation, a 1.0 x 0.6 mm region of interest was 
outlined on the specimen’s surface using Vickers indentation marks (fiducial markers as 
discussed in (Carroll, Abuzaid et al. 2010)). The specimen was deformed in uniaxial tension 
using a servo-hydraulic load frame to 2.2% nominal strain (using strain control at 1.83 x 10-4 1/s 
strain rate) and unloaded (using load control). After unloading, the total residual strain was ~2% 
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nominal strain measured using a 12.7 mm (½˝) gage length extensometer. The loading curve 
(stress-strain curve) is shown in Fig. 4.1b. 
 
Fig. 4.1. (a) Uniaxial tension sample dimensions. (b) Stress-Strain curve of the loading cycle. 
Strains were measured using a 12.7 mm (½˝) gage length extensometer. 
 
High resolution ex situ DIC measurements were also performed on the sample’s surface 
(marked region) following the procedure described in Section 3.4. For EBSD analysis, a 
measurement spacing of 1 μm was selected and a total of eight area scans were necessary to 
cover the region of interest at the selected magnification (300x). Figure 4.2a shows a grain 
orientation map of the selected region of interest. No texture was observed in the aggregate 
consisting of approximately 600 grains. The percentage of annealing twin boundaries (Σ3 type 
GBs using the coincident site lattice, CSL, notation) was about 30% of the total number of GBs, 
examples are marked in the enlarged view in Fig. 4.2b.  
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Fig. 4.2. (a) EBSD grain orientation map of the region of interest. Notice the fiducial markers used 
for outlining the region of interest. (b)  Enlarged view of the region outlined with the black 
rectangle in (a) showing a high percentage of annealing twin boundaries (Σ3 GBs). 
 
Following EBSD, a fine speckle pattern was applied to the sample’s surface for DIC 
measurements (The Silicon particle method which was explained earlier in Section 3.4). 
Reference images were captured using an optical microscope at 31x magnification (0.14 
μm/pix). Figure 4.3 shows an example of a reference image with the speckle pattern and subset 
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size (101 x 101 pixels) used in the current work. A total of 316 overlapping images were 
required to cover the region of interest outlined by the indentation marks. These reference 
images were stitched together to generate one ultra-high resolution reference image that 
covered the complete region of interest. After deformation, 316 deformed images were captured 
and stitched, following the same procedure used for the reference images. In plane 
displacements were obtained from DIC and the results were differentiated to obtain the high 
resolution strain fields. The subset size used for DIC (14 μm) is smaller than the average grain 
size allowing for sub-grain level deformation measurement resolution (average number of DIC 
correlation points per grain = 350). Acurate alignment of the measured strain fields and the 
underlying microstructure in the region of interest was established using the fiducial markers. 
 
Fig. 4.3. A reference image captured using the optical microscope at 31x magnification. The 
subset size and one of the fiducial markers used for alignment with microstructural information 
from EBSD are shown in the figure.  
4.2. Local Plastic Strains 
Figures 4.4a-c show the contour plots of the horizontal strain field εxx, the shear strain 
field εxy, and vertical strain field εyy (along the loading direction). These components of the strain 
tensor were acquired using DIC. By assuming plastic incompressibility, the component in the 
residual plastic normal strain along the third direction, εzz, was calculated using 
 1zz xx yy      .                (4.1) 
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Fig. 4.4. (a-c) Contour plot of the horizontal (εxx), shear (εxy), and vertical (εyy) strain field with 
overlaid grain boundaries. The reference and deformed images for DIC are a composite of 316 
images at 31x magnification (ex-situ). (d) Enlarged view of the region outlined with the black 
rectangle in (c). The red box in the upper left corner shows the subset size used for this 
correlation. Note that the subset size is much smaller than the average grain size providing sub-
grain level measurement accuracy.  High strains can be detected in the vicinity of grain 
boundaries (some indicated with black arrows). GB character is shown for some boundaries, 
where IR indicates irrational GBs. 
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Fig. 4.4. (continued) 
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The shear strain components in the third direction, εxz and εyz remain unknown in our 
analysis (as in any surface measurement technique). Using the measured and calculated 
components of the plastic strain tensor and by assuming the unknown components as zero, an 
estimate of the effective plastic strain, εpeff, was calculated spatially using the following equation:  
 2  3peff ij ij    .             (4.2) 
To assess and analyze the effect of microstructure, local crystallographic orientations 
from EBSD were numerically overlaid on the DIC strain data, i.e., for each point, spatial strain 
and orientation data were consolidated. Eventually, each point in the field has four components 
of the strain tensor (εxx, εyy, εxy, and εzz), the effective plastic strain, and an associated local 
crystallographic orientation. This allowed for a superposition of the grain boundaries on all the 
strain contour plots as shown for example for the εyy in Fig. 4.4c.  
A significant level of heterogeneity was observed in the strain contour plots. In Fig. 4.4c, 
regions rendered in dark red have strains higher than 3% (εyy DIC field average = 2%), while 
regions rendered in dark blue have strains around 0%, and some are even negative, i.e., 
compressive, in certain areas. This variation in strain appears to be associated with the local 
microstructure. For example, high strains were visually detected in the vicinity of many grain 
boundaries (Fig. 4.4d). The heterogeneities in the DIC measured strains can also be observed 
in the strain histograms shown in Figs. 4.5a-b. For example, the εyy strain histogram (black 
curve in Fig. 4.5a) clearly shows a wide distribution of strain magnitudes ranging from ~ -0.5 – 6 
% strain. The highest measured strains were 3 times higher than the average applied strain 
(using extensometer) which also matched the DIC field average. Similar observations were also 
seen for the εxx, εxy, and εpeff  strain components. In the next section, a quantitative assessment 
of the correlation between the presence of GBs and the local heterogeneities in the plastic 
strains will be presented. 
31 
 
 
Fig. 4.5. (a) Strain histograms of the horizontal (εxx), shear (εxy), and vertical (εyy) DIC strain fields. 
For the strains in the loading direction (εyy), the mean strain matches the applied strain but the 
range of magnitudes spans between ~ -0.5 – 6 %. (b) Strain histogram of the εpeff (calculated from 
the measured strain components). The width of the histograms in Fig. 4.5 indicates heterogeneity 
in the local strain fields. 
 
4.3. Grain Boundary Mantles 
Full field strain measurements at the grain level enable us to address the specific 
regions of grains, which facilitate accumulation of heterogeneous strains. This is accomplished 
through separating each grain into a core and mantle demarcation utilizing the combination of 
high resolution DIC and EBSD. The core refers to the interior of the grain and the mantle to the 
region in the vicinity of the neighboring grain, i.e., the region of the grain near the GB (Meyers 
and Ashworth 1982). Hence, each grain has several mantles corresponding to the number of 
neighboring grains. Mantle regions, which exhibit high strains on both sides of the interface, can 
be associated with slip transmission across the GB, while boundaries that block slip, i.e., 
shielding, have high strains in one of the mantles and low strains in the other mantle across the 
interface. 
In this section, we establish an experimental estimate of the GB mantle size from DIC 
strain measurements and grain boundary locations. To do so, we calculated the spatial distance 
from each DIC measurement point to the nearest grain boundary as shown schematically in the 
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inset image in the center of Fig. 4.6. This facilitates binning the strain data based on distance 
from the GBs. Strain histograms of the εpeff   strain are shown in Fig. 4.6 at different distances 
from the nearest GB. Closest to GBs, the histogram indicates the presence of high (see inset 
image marked A) and low strains (inset image B). At larger distances from GBs (i.e., 
approaching core regions), the strain histograms tend to show less points at the extremes 
(either high or low) and a higher percentage of points clustering around the mean strain (inset 
image C shows a grain core with average strains). Further discussion of these points will be 
presented later in this Section. 
 
Fig. 4.6. Bivariate histogram showing the distance of each point in the region of interest to the 
closest GB versus the effective plastic strains	ࢿࢋࢌࢌ࢖ . Each bar represents a bin over distance and 
strain. The height of the bar represents the number of points in that bin. Focusing on the set of 
bars closet to GBs, it can be seen that grain boundaries can be either hotspots for strain 
localization (inset A) or provide shielding to one of the grains across the boundary (inset B). 
Points further from the grain boundary tends to cluster more around the mean with less points at 
the extreme ends of the strain distribution (inset C).  
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As the focus in this study is on high strain regions that can be associated with slip 
transmission across GBs, only points with high strains were considered (> εpeff field average = 
2.08%). These points were then binned based on their distance from the nearest GB, and the 
average strain in each bin was computed. Figure 4.7a shows a plot of the average effective 
plastic strain εpeff versus distance from the closest boundary (only points > εpeff field average = 
2.08% were considered in this figure). We observe that the magnitude of the elevated strains 
decrease as we move away from the GBs (mantle regions) and approach the grain interior 
regions (core).  
At a distance of ~10 μm from the boundary, there is an inflection point in the change of 
strain with respect to distance from the GB as observed from the change in slope of the black 
dashed lines in Fig. 4.7a. This point was used as an experimentally measured estimate of the 
GB mantle size, since it marks a transition in slip response while moving away from the GB and 
approaching the core of the grain. Once the mantle size was determined, mantle points were 
selected for each specific boundary across the entire microstructure, i.e., select points within 10 
μm from the GBs. Each GB has two mantles associated with it; one on each side of the GB 
across the interface. Figure 4.7b shows an example of GB mantles defined in this work. 
Delineating the mantle regions helps determine the core points for each specific grain by 
subtracting all the mantle points from the total number of points in each grain.   
Strain histograms of εpeff in cores and mantles over the entire microstructure in the area 
of interest, approximately 600 grains, are shown in Fig. 4.8 (notice that this is a simplified 
version of the histograms shown in Fig. 4.6). The histogram of the points belonging to mantles, 
i.e., red histogram, shows a range of strains between 0 and 6%, while points belonging to cores, 
i.e., black histogram, show a smaller strain range between 0.1 and 4.2%. Less scatter around 
the mean was also observed for the core histogram (standard deviation = 0.8) compared to 
mantle histogram (standard deviation = 0.9). We also notice in Fig. 4.8 that the mean strain for 
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mantle points (2.05%) is less than the mean strain for core points (2.18%). This is primarily 
attributed to the low strains in some of the mantle regions which lower the mean strain of the 
mantle points. We emphasize that the presence of mantle points with low strains does not 
contradict the results presented in Fig. 4.7a as only points with relatively high strains were used 
to construct that figure as opposed to considering all the points, regardless of their magnitude, 
in the results presented in Fig. 4.8.  
 
Fig. 4.7. (a) Average 	ࢿࢋࢌࢌ࢖   versus distance from the closest GB (only high strain points were 
considered). Points with high strains were then binned based on their distance from the nearest 
boundary (x axis). The y axis represents the average strain in each distance bin. The figure 
indicates that high strains localize in the vicinity of the boundary (G.B mantle) and that the degree 
of localization decreases as we move away from the boundary (core of the grain). At ~ 10 μm 
distance from the boundary, the rate of this decrease changes as observed by the change in slope 
of the black dashed line. This point was used as an estimate of the GB mantle size as it marks a 
transition in response as we move away from the GB and approach the core of the grain. (b) 
Examples showing the experimentally defined GB mantles. 
35 
 
 
As seen from the inset image on the right side of Fig. 4.8, some of the highly strained 
regions extend across the boundary into the neighboring grain and show continuous slip traces 
across the GBs as shown, for example, in Fig. 4.9. This can be an indication of slip transmission 
across the boundary (transmitting mantles). Other regions (inset images on the left side of Fig. 
4.8) show high strains on only one side of the GB and relatively low strains on the other side. 
This case can be associated with blockage or shielding (shielding mantle). All the GBs in the 
region of interest were individually interrogated and classified as either shielding or transmitting 
GBs based on the strain magnitudes measured in mantle regions across each interface. For the 
study of slip transmission, we focused our analysis only on the transmitting mantles, which 
exhibit high strains on both sides of the GB.  
 
Fig. 4.8. Histograms of the 	ࢿࢋࢌࢌ࢖  for points in mantles (red histogram) and cores (black histogram). 
The histogram of points belonging to mantles shows a wide range of strains between 0 and 6 %. 
The contour plot to right shows high strains in both mantles across the boundary. This can be an 
indication of slip transmission across the boundary (Transmitting mantles. See also Fig. 4.9). 
Other regions show high strains in only one of the mantles across the GB and relatively zero 
strains on the other side. This case can be associated blockage or shielding (Shielding mantle). 
The histogram of the points belonging to cores, i.e. black histogram, shows a smaller strain range 
between 0.1 and 4.2 %. Less scatter around the mean is also observed for the core histogram 
(standard deviation = 0.8) compared to mantle histogram (standard deviation = 0.9). 
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Fig. 4.9. (a) SEM micrograph of a select region showing continuous slip traces across multiple 
GBs. This can be an indication of slip transmission across the boundary. (b) Contour plot of (εyy) 
showing high strains across the GBs with continuous slip traces (i.e. transmitting mantles). 
4.4. Local Slip System Activity 
In order to establish estimates of the residual Burgers vector due to slip transmission, 
additional information regarding the crystallographic slip systems involved in the transmission 
process is required. Traditionally, determining the active slip systems from experiments has 
been accomplished through a combination of slip trace analysis and Schmid factor calculations 
(Zhang and Tong 2004; Zhao, Ramesh et al. 2008; Bartali, Aubin et al. 2009; Bieler, Eisenlohr 
et al. 2009). A different method for determining the active slip systems utilizes the measured 
macroscopic plastic strains and crystal orientation to solve for the crystallographic shear strains 
(Tatschl and Kolednik 2003). Results utilizing both of these approaches are presented in 
Sections 4.4.1 and 4.4.2, respectively. 
4.4.1. Slip Trace Analysis 
In fcc materials, 12 possible slip systems exist; three 〈1	1	0〉 directions on each of four 
ሼ1	1	1ሽ planes. An activated slip system creates a slip trace on the sample’s surface (provided 
that the slip plane of that system is not parallel to the sample’s surface). Observing and 
identifying the slip systems associated with the slip traces is used to determine the activated slip 
systems. Slip traces are seen from SEM micrographs as shown in Fig. 4.10 (for the same region 
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shown earlier in Fig. 4.4d). We used the crystal orientation measurements from EBSD to 
determine the slip planes, not systems, associated with the observed traces. The procedure 
involves rotating the slip plane normal vectors, n, from crystal frame to sample frame, and then 
finding the intersection of the slip planes (define by the resulting normal vectors in sample 
frame) with the sample’s surface (Engler and Randle 2010). These intersections represent the 
possible traces of slip planes (colored lines in Fig. 4.10). Matching of a possible slip trace with 
an observed one confirms the activation of that slip plane. For example, the central grain in Fig. 
4.10 shows clear activation of the	ሺ1ത	1	1ሻ slip plane (blue line) and the ሺ1	1	1തሻ plane (magenta 
line). Schmid factors were used to make further specification regarding the slip directions 
associated with these slip planes. 
 
Fig. 4.10. SEM micrograph of the deformed sample showing traces of the activated slip systems 
(same region shown in Fig. 4.4d). Possible traces of crystallographic slip planes can be specified 
on the sample’s surface using the local orientation data obtained from EBSD. Each colored line 
represents a different slip plane (fcc {111} slip planes). By matching the observed slip traces with 
the possible traces (i.e., colored lines), the activated slip planes can be specified. The numbers 
written next to two of the slip traces in the central grain represent the Schmid factors of the slip 
systems with the highest Schmid factor for the observed traces. 
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Table 4.1 lists the Schmid factors of the 12 slip systems for the central grain in Fig. 4.10 
(uniaxial loading conditions in the vertical direction). Systems 6 and 10 have the highest Schmid 
factors and, thus, they are the most likely to be activated compared to other systems with lower 
Schmid factors. This is the most probable case for the grain under consideration since these 
systems are on the	ሺ1ത	1	1ሻ and the ሺ1	1	1തሻ slip planes, which are active from slip traces. 
Obviously, this approach does not provide quantitative information regarding the degree of slip 
activity in each system. Also, the spatial differences in slip system activation leading to the 
heterogeneities within grains, observed in Fig. 4.4d, cannot be detected or quantitatively 
measured. This calls for a better global approach capable of extracting slip system activation 
quantitatively across the entire region of interest. In the next section, an alternative method, 
which provides local information about slip system activation, e.g., in GB mantles, is presented. 
Table 4.1. Schmid factors of the 12 slip systems for the central grain shown in Fig. 4.10 (see 
Appendix A for details on Schmid factor calculation) 
Slip System,  Slip Plane Slip Direction Schmid Factor 
System 1 ሺ1 1 1ሻ ሾ1 1ത 0ሿ 0.12 
System 2 ሺ1 1 1ሻ ሾ1 0 1തሿ 0.15 
System 3 ሺ1 1 1ሻ ሾ0 1 1തሿ 0.04 
System 4 ሺ1ത 1 1ሻ ሾ1 0 1ሿ 0.25 
System 5 ሺ1ത 1 1ሻ ሾ0 1 1തሿ 0.20 
System 6 ሺ૚ഥ ૚ ૚ሻ ሾ૚ ૚ ૙ሿ 0.45 
System 7 ሺ1 1ത 1ሻ ሾ1ത 0 1ሿ 0.30 
System 8 ሺ1 1ത 1ሻ ሾ0 1 1ሿ 0.13 
System 9 ሺ1 1ത 1ሻ ሾ1 1 0ሿ 0.17 
System 10 ሺ૚ ૚ ૚ഥሻ ሾ૚ ૚ഥ ૙ሿ 0.50 
System 11 ሺ1 1 1തሻ ሾ1 0 1ሿ 0.20 
System 12 ሺ1 1 1തሻ ሾ0 1 1ሿ 0.29 
 
4.4.2. Crystallographic Shear Strain Increments  
The local change in the macroscopic plastic strain, due to crystallographic slip, is 
achieved through increments of shear, ݀ߛఈ, in the activated slip systems (Kocks and Chandra 
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1982). The individual components of the plastic strain tensor are given by the following 
equation: 
݀ߝ௜௝௣ ൌ ଵଶ∑ ൫݊௜ఈ	 ௝݈ఈ ൅	 ௝݊ఈ	݈௜ఈ൯௦ఈୀଵ ݀ߛఈ ൌ ∑ ൫݉௜௝ఈ ൯௦ఈୀଵ ݀ߛఈ,               (4.3) 
where ߙ	is the slip system number (see Table 4.1 for planes and directions), ݏ is the number of 
slip systems (12 for fcc), ࢔ࢻ is the vector defining the normal to slip plane for system ߙ, and ࢒ࢻ is 
the vector defining the slip direction. Three components of the plastic strain tensor were 
measured from DIC (εxx, εyy, εxy). The fourth component, εzz, was calculated by assuming plastic 
incompressibility (Eq. (4.1)). Also, ࢔ࢻ and ࢒ࢻ are known for fcc crystals (as shown in Table 4.1). 
Solving for the scalar quantities ݀ߛఈ at each spatial point provides local information about slip 
system activation across the entire region of interest.  
The problem that arises when attempting to solve Eq. (4.3) is that the number of 
activated slip systems is not generally known. Also, if the number of activated systems is 
assumed, five has been proposed as sufficient number of systems necessary to satisfy 
compatibility (Taylor 1938), the problem of which combination to select from the twelve possible 
systems arises. Taylor proposed a model to solve this problem. In his formulation, the 
combination which minimizes the sum of the absolute values of the shear increments is 
considered to be the combination that is actually operative (Taylor 1938). Since then, different 
models and constitutive formulations, that are more physically based, have been proposed to 
solve this problem (Roters, Eisenlohr et al. 2010). In the current work, a visco-plastic 
constitutive model was used to solve for the shear strain increments spatially across the entire 
microstructure. In the formulation used, which is standard in many crystal plasticity frameworks, 
the shear strain rate is written as a function of the resolved shear stress on each slip system 
(Hutchinson 1976): 
ఊሶ ഀ
ఊሶ ° ൌ 	 ቚ
ఛഀ
ఛത ቚ
௡ 	ݏ݃݊ሺ߬ఈሻ          (4.4) 
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where ߛሶ ఈ is the shear rate on slip system ߙ, ߬ఈ is the resolved shear stress, ߬̅ is a reference 
stress state, and ߛሶ଴ and ݊ are material parameters that describe the reference strain rate and 
the slip rate sensitivity, respectively. The term “ݏ݃݊ሺ߬ఈሻ” in Eq. (4.4) is present in order to 
ensure that ߛሶ ఈ and ߬ఈ have the same sign (i.e., positive work is being done). Equation (4.4) can 
be rewritten as follows: 
ߛሶ ఈ ൌ 	 ఊሶ °ఛത 	ቚ
ఛഀ
ఛത ቚ
௡ିଵ 	߬ఈ.          (4.5) 
 As the emphasis in our analysis is to obtain the shear strain increments,݀ߛఈ, and not 
solving for the exact kinetics, i.e., the shear stress ߬ఈ, we take ߛሶ଴ ൌ ߬̅ ൌ 1 and ݊ ൌ 20, i.e., rate 
insensitive. 
If we make the simplification that	݀ߛఈ ൌ 	ߛሶ ఈ, we can substitute for the shear increments 
from Eq. (4.5) into the net strain Eq. (4.3), producing a relation between the total plastic strain 
and resolved shear stresses 
ߝሶ௜௝௣ ൌ ∑ ൬	ఊሶ °ఛത 	ቚ
ఛഀ
ఛത ቚ
௡ିଵ 	߬ఈ൰ ൫݉௜௝ఈ ൯௦ఈୀଵ .               (4.6) 
The resolved shear stress on each slip system (߬ఈ) is related to the stress tensor (ߪ௜௝) 
through the following equation: 
߬ఈ ൌ 	݉௣௤	ఈ ߪ௣௤.               (4.7) 
Substituting Eq. (4.7) into Eq. (4.6): 
ߝሶ௜௝௣ ൌ ൤∑ ൬	ఊሶ °ఛത 	ቚ
ఛഀ
ఛത ቚ
௡ିଵ 	݉௜௝ఈ 	݉௣௤ఈ ൰௦ఈୀଵ ൨	ߪ௣௤.               (4.8) 
Given the macroscopic plastic strain rate (here we make the simplification that ߝሶ௜௝௣ ൌ ݀ߝ௜௝௣ ) 
and the orientation data (to be able to transform from sample frame to crystal frame) we solved 
Eq. (4.8) - the non-linear system of equations was solved using an iterative solver - for the 
stresses ߪ௣௤. Subsequently, the resolved shear stresses ߬ఈ were calculated using Eq. (4.7). 
41 
 
Finally, Eq. (4.5) was used to back-substitute for the shear strain rates. Following this 
procedure, the shear strain increments can be specified on all the 12 slip systems (i.e., no 
question of choosing the active slip systems arises; all systems with nonvanishing resolved 
shear stress are potentially active). By performing this calculation for each spatial point across 
the region of interest, we acquired spatial information about slip system activation across the 
entire microstructure (Additional details on the procedure are given in Appendix B). 
An example of the results obtained using this procedure is shown in Fig. 4.11, which 
depicts a contour surface plot of the crystallographic shear strain increment on system 10 
across the entire region of interest, i.e., |݀ߛଵ଴|	on	ሺ1	1	1തሻ	ሾ1	1ത	0ሿ slip system. Note that the 
direction of slip system 10 in sample coordinates is different for each grain depending on its 
orientation. In Fig. 4.11, the dark blue color indicates no activity of that particular slip system, 
while the red color indicates slip system activation. For better visualization, an enlarged view of 
a particular sub-region is shown in Fig. 4.11b. Compared to the slip trace analysis, this 
approach offers a quantitative description of activation on the slip system level with spatial 
information capable of capturing differences within a single grain or cluster of grains across the 
entire aggregate. This is particularly important if the focus is on slip activity in mantle regions as 
will be shown later when we discuss slip transmission in Chapter 5.  
Contour plots similar to Fig. 4.11a were generated for the other eleven slip systems. For 
the sake of brevity, in Fig. 4.12, we only show the ones with the highest shear increments in the 
same region shown earlier in Fig. 4.4d and Fig. 4.10. Activation of system 6 and 10 was 
observed which is consistent with slip trace analysis results. The advantage, however, is that 
slip activity is determined quantitatively and spatially. Notice that different slip systems were 
activated in various spatial regions of the central grain, with certain slip systems, such as 5 and 
8, showing activity only in the vicinity of some grain boundaries, i.e., mantle regions.  
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Fig. 4.11. (a) Contour plot of the crystallographic shear increment on system 10 across the entire 
region of interest (|ࢊࢽ૚૙|	ܗܖ	ሺ૚	૚	૚ഥሻ	ሾ૚	૚ഥ	૙ሿ slip system). The dark blue color indicates no activity of 
that particular slip system while red colored regions indicate slip system activation.  (b) An 
enlarged view of the smaller region outlined in (a) is shown for better visualization. 
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Fig. 4.12. (a-d) Contour plot of the crystallographic shear increments in the region outlined with 
the black box in Fig. 4.4c. Only the highest 4 activated systems are shown for increased clarity 
(systems 5, 6, 8 & 10). Different slip system activity in different regions of the central grain is 
clearly seen. Some systems are only activated in the vicinity of some grain boundaries (e.g., 
systems 5 & 8).  
 
An additional example is shown in Fig. 4.13. Traces of the activated slip systems can be 
seen on the sample’s surface as shown in Fig. 4.13a. Grain G3 in Fig. 4.13a shows clear 
activation of the	ሺ1ത	1	1ሻ slip plane (blue line) and the ሺ1	1ത	1ሻ plane (red line). Table 4.2 lists the 
Schmid factors of the 12 slip systems for grain G3 in Fig. 4.13a (uniaxial loading conditions). 
Systems 5 and 8 have the highest Schmid factors and thus they are the most likely to be 
activated compared to other systems with lower Schmid factors. This is the most probable case 
for the grain under consideration, since these systems are on the	ሺ1ത	1	1ሻ and the ሺ1	1ത	1ሻ slip 
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planes, which are active from slip traces. Contour plots for the systems with the highest shear 
strains are shown Figs. 4.13b-e. Different slip systems were activated in various spatial regions 
of each of the grains, e.g., certain slip systems show activity in the vicinity of some GBs but not 
others (see systems 5 in grain G3).  
This spatial information, regarding activated slip systems on both sides of every grain 
boundary in the region of interest (approximately 1600 GBs), along with crystallographic grain 
orientation was used to provide insight into the local deformation behavior in grain boundary 
regions. In the next Chapter, this information is used to study the role of the residual Burgers 
vector in slip transmission and strain accumulation across grain boundaries. 
 
Fig. 4.13. (a) SEM micrograph of the deformed sample (region marked with red rectangle in Fig. 
4.4c).  (b-e) Contour plot of the crystallographic shear increments of the same region shown in (a). 
Only the highest 4 activated systems are shown for increased clarity (systems 4, 5, 8 & 10). Slip 
system activity in different regions is clearly seen. Some systems are only activated in the vicinity 
of some grain boundaries (e.g., systems 5 in grain G3).  
 
 
 
 
45 
 
 
Table 4.2. Schmid factors of the four grains (G1-G4) marked in Fig.4.13 
Slip System 
        α 
Slip Plane Slip 
Direction 
Schmid Factor 
Grain 
G1 
Grain 
G2 
Grain 
G3 
Grain 
G4 
System 1 ሺ1	1	1ሻ ሾ1 1ത 0ሿ 0.06 0.25 0.03 0.21 
System 2 ሺ1	1	1ሻ ሾ1 0 1തሿ 0.11 0.02 0.01 0.19 
System 3 ሺ1	1	1ሻ ሾ0 1 1തሿ 0.05 0.27 0.02 0.02 
System 4 ሺ1ത	1	1ሻ ሾ1 0 1ሿ 0.12 0.14 0.39 0.43 
System 5 ሺ1ത	1	1ሻ ሾ0 1 1തሿ 0.34 0.42 0.45 0.07 
System 6 ሺ1ത	1	1ሻ ሾ1 1 0ሿ 0.45 0.28 0.06 0.36 
System 7 ሺ1	1ത	1ሻ ሾ1ത 0 1ሿ 0.12 0.06 0.36 0.48 
System 8 ሺ1	1ത	1ሻ ሾ0 1 1ሿ 0.05 0.39 0.42 0.22 
System 9 ሺ1	1ത	1ሻ ሾ1 1 0ሿ 0.07 0.45 0.06 0.26 
System 10 ሺ1	1	1തሻ ሾ1 1ത 0ሿ 0.46 0.48 0.09 0.41 
System 11 ሺ1	1	1തሻ ሾ1 0 1ሿ 0.11 0.18 0.04 0.24 
System 12 ሺ1	1	1തሻ ሾ0 1 1ሿ 0.35 0.30 0.04 0.17 
 
 
4.5. Discussion of Chapter 4 
The full field DIC measurements show a high level of heterogeneity in the plastic 
response. The buildup of strains in some cases and the shielding in others was associated with 
deformation in mantle regions. In contrast, less scatter around the nominal residual strain was 
generally observed in grain interiors, i.e., cores. As the focus in this study is on deformation in 
the vicinity of grain boundaries, a distinction between core and mantle regions for each grain 
was made based on the experimental results. This kind of discretization of the measured strain 
fields was made possible through the utilization of high resolution DIC and EBSD. The strain 
contour plots (Fig. 4.4) and the strain histograms (Fig. 4.8) of mantle regions show a wide 
distribution of strain magnitudes in the vicinity of grain boundaries indicating that, at least at the 
applied strain levels employed here, not all mantles are in an advanced stage of hardening as 
we usually expect. Similar results from experiments (Tschopp, Bartha et al. 2009) and 
simulations (Rollett, Lebensohn et al. 2009) have been reported in the literature. Based on our 
experimental results we proposed a classification of each mantle as one of two types, high 
strain mantle or low strain mantle. We further associated these two types of mantles with 
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shielding or slip transmission across GBs. In the case of shielding, the GBs have mantles with 
small and large strain combinations (Shielding mantles in Fig. 4.8); and in the case of 
transmission, both mantles exhibit high strains (Transmitting mantles in Fig. 4.8). This 
demarcation of mantles based on strain magnitudes allows a better characterization of the local 
plastic deformation and how it relates to the microstructure of the material.  
A limitation that is worth pointing out is the fact that all the analyses have been 
performed on the surface of the material. No insight into subsurface effects is possible through 
the utilization of the DIC and EBSD techniques employed in this study. This particular issue can 
be addressed with a combination of high energy X-ray diffraction for three dimensional 
orientation mapping (Lienert, Li et al. 2011) and crystal plasticity simulations (Rollett, Lebensohn 
et al. 2010) but no DIC strain measurements would be possible other than on the free surface. 
Careful experimental and simulation work which utilizes all of the previously mentioned 
techniques would help further explorations of subsurface effects and how they influence, for 
example, slip transmission across GBs. 
4.6. Summary of Chapter 4 
High resolution DIC and EBSD were used to study the uniaxial plastic deformation 
response of a polycrystalline sample in relation to the underlying microstructure. The 
experimental and analysis procedure provides point-wise comparisons between strain fields 
(from DIC) and microstructure (from EBSD). The significance of this approach is that it enables 
quantitative analysis of local deformation in the vicinity of every grain boundary within a 
polycrystalline aggregate. In addition, the combination of crystallographic orientation data and 
plastic strain measurements permits the determination of the local slip system activity, 
quantitatively, across a substantial region (we determined the local slip system activity in an 
aggregate of ~600 grains and annealing twins in this Chapter). 
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We have also used the experimental results to make a distinction between core and 
mantle regions for each grain.  In addition we proposed a classification of each mantle as a high 
or low strain mantle and associated these two types of mantles with shielding or slip 
transmission across GBs. This demarcation of mantles based on strain magnitudes allows a 
better characterization of the local plastic deformation and how it relates to the microstructure of 
the material. 
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Chapter 5: Slip Transfer and Plastic Strain Accumulation across Grain Boundaries in 
Hastelloy X 
In polycrystalline metals, the interactions between glissile dislocations and grain 
boundaries (GBs) influence the local plastic deformation behavior of the material (Hirth 1972). 
One of the unresolved issues in this field is the transmission of slip across interfaces and the 
influence it has on strain magnitudes in the vicinity of GBs (Lee, Robertson et al. 1989). It is 
expected that those boundaries that are conducive to transmission would exhibit high levels of 
slip induced strains across the interface.  In contrast, boundaries that block slip are expected to 
exhibit high strains in one of the grains across the interface but relative strain free zones in the 
adjacent grain. This correlation between GB resistance to slip transmission and the magnitude 
of plastic strains across GBs requires further quantitative investigation.  
In this Chapter, the high resolution experimental measurements presented in Chapter 4 
were utilized to study the variations in strain magnitudes in the vicinity of GBs. Particularly, the 
focus was on the role of slip transmission across GBs in the development of strain 
heterogeneities. For every GB in the polycrystalline aggregate, we have established the most 
likely dislocation reaction and used that information to calculate the residual Burgers vector and 
plastic strain magnitudes due to slip transmission across each interface. From our analysis, we 
show an inverse relation between the magnitudes of the residual Burgers vector and the plastic 
strains across GBs. We therefore emphasize the importance of considering the magnitude of 
the residual Burgers vector to obtain a better description of the GB resistance to slip 
transmission, which in turn influences the local plastic strains in the vicinity of grain boundaries.  
5.1. Residual Burgers vector   
As previously mentioned, one of the possible outcomes of dislocation-grain boundary 
interaction is partial slip transmission of the incoming slip across the GB, which leaves behind a 
residual dislocation in the GB plane. The following dislocation reaction equation is used to 
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define br based on the Burgers vectors of the dislocations on both sides of the GB (Sutton and 
Balluffi 2006): 
࢈ሬԦ࢘ ൌ ࢈ሬԦ૚ െ ࢈ሬԦ૛,                  (5.1) 
where b1 and b2 are the Burgers vectors of the incident and transmitted dislocations across the 
GB, respectively (see schematic in Fig. 5.1). When information about these quantities is lacking, 
i.e., we do not know the exact types of the incident and transmitted dislocations, the difference 
between the slip directions (࢒૚ and ࢒૛) can be used as an approximation of the magnitude of br 
ห࢈ሬԦ࢘ห ൌ ห࢒Ԧ૚ െ ࢒Ԧ૛ห.                  (5.2) 
 
Fig. 5.1. Schematic of slip transmission through a grain boundary, where b1 and b2 are the 
Burgers vector of the incident and transmitted dislocations across the GB plane. θ is the angle 
between the lines of intersection between slip planes of the incident and transmitted dislocations 
and the GB plane. br is the residual dislocation left in the GB plane due to slip transmission. 
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In the most general case, 144 possible interactions exist for slip transmission at each 
GB. This number of possible interactions is obtained by considering the 12 slip systems (fcc 
material) within grain 1 (incident) and 12 slip systems within grain 2 (transmitted). Note that the 
same reaction is obtained by reversing the order of the incoming and outgoing dislocations 
(considering the magnitude of br). For example, if slip system 1 is the incident slip system in the 
first grain and slip system 2 is the transmitted slip system in the other grain across the GB, then 
the magnitude of the residual Burgers vector resulting from this interaction (Eq. (5.2)) will be 
similar to the reaction obtained if the order of incident and transmitted slip is reversed, i.e., slip 
system 2 in the second grain becomes incident and system 1 becomes transmitted. Notice that 
this order reversal of the incident and transmitted slip systems implies reversing the slip 
directions of both systems involved in the transmission process, e.g., if the slip direction ࢒૚ is 
incident slip for a GB, then െ࢒૚ is transmitted slip for the same boundary. To specify whether a 
slip system is incident or transmitted relative to a specific GB, we check the sign of the inner 
product between the slip direction and the vector defining the normal to the GB plane (nGB). If 
nGB is defined as shown in Fig. 5.1, then a positive inner product between the slip direction of 
the slip system in Grain 1 and nGB indicates that the slip direction is incident relative to that GB 
and a negative inner product indicates that it is transmitted. We therefore check and adjust the 
signs of the slip directions (the 12 possible slip directions are shown in Table 4.1 for fcc crystals) 
for each of the possible slip transmission interactions to guarantee that one of the systems is 
incident and the other transmitted relative to the GB under consideration. 
In our analysis, we have individually selected each GB and interrogated the 144 possible 
slip transmission interactions by checking if both of the slip systems associated with each 
interaction were activated in the mantle regions of that GB. In the case of confirmed activation of 
both slip systems, through the DIC strain measurements and shear strain ݀ߛఈ	calculation, an 
experimental estimate of br was calculated for that specific GB. If multiple slip systems were 
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activated in the mantles, several estimates of br were calculated. Figure 5.2 shows two of these 
possible interactions for a transmitting mantle case. In this figure, the magnitude of the residual 
Burgers vector and the grain boundary Schmid factor parameter are shown for each of the two 
possible interactions. The plotted parameters are defined using the following equations: 
ܵܿܪሺఈ,ఉሻ ൌ ܵܿܪ௜௡௖௜ௗ௘௡௧	ఈ ൅ ܵܿܪ௧௥௔௡௦௠௜௧௧௘ௗఉ                     (5.3) 
หܾ௥ሺఈ,ఉሻห ൌ ቚ݈	௜௡௖௜ௗ௘௡௧	ఈ െ ݈	௧௥௔௡௦௠௜௧௧௘ௗ	ఉ ቚ,                           (5.4) 
where ܵܿܪሺఈ,ఉሻ is the GB Schmid factor parameter, ܵܿܪ௜௡௖௜ௗ௘௡௧	ఈ   is the Schmid factor of slip 
system ߙ (of incident dislocation), ܵܿܪ௧௥௔௡௦௠௜௧௧௘ௗ	ఉ  is the Schmid factor of slip system ߚ (of 
transmitted dislocation), and หܾ௥ሺఈ,ఉሻห is the magnitude of the residual Burgers vector from the 
interaction that involves incident dislocations on system ߙ and transmitted dislocations on slip 
system ߚ. 
One of the cases plotted in Fig. 5.2 has a high GB Schmid factor parameter and a 
relatively low |br| (the point on the left side of the figure). This interaction represents slip system 
6 being activated in both grains across the GB (notice that although both systems are 6, they 
have different orientations in the sample frame). The contour plots of the shear strains show 
activation of systems 6 in mantle regions across the GB. The activation of both slip systems 
associated with this interaction point is considered an indication of slip transmission across the 
GB (see also Fig. 5.3). The point to the right in Fig. 5.2 represents the interaction between 
systems 6 and 7. Even though the value of the Schmid factor parameter is high, no activation of 
system 7 in grain 2 was observed, i.e., no transmission from system 6 in grain 1 to system 7 in 
grain 2. Notice the high magnitude of the residual Burgers vector associated with this possible 
interaction. Also, the geometric condition, θ, which describes the angle between the lines of 
intersection between slip planes of the incident and transmitted dislocations and the GB plane 
(shown in Fig. 5.1), for systems 6 and 7 is larger than the geometric condition for systems 6 and 
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6, where transmission is observed (θ 6,7 = 24.5º > θ 6,6 = 11.5º). This makes transmission less 
favorable due to larger misalignment between slip planes. The activated slip systems, which 
were experimentally determined from DIC strain measurements, are in concurrence with the 
established criterion for predicting slip transmission (Lee, Robertson et al. 1989). SEM analysis 
of the GB considered in Fig. 5.2 provides support to the conclusions made using the calculated 
shear strains (the ݀ߛఈ	calculation presented in Section 4.4.2). The SEM micrograph shown in 
Fig. 5.3 shows the GB under consideration. Continuous slip traces across the GB were 
observed and the corresponding slip planes were the ሺ1ത11ሻ slip planes (system 6 is on the 
ሺ1ത11ሻ slip plane). These observations are consistent with the analysis made using shear strain 
calculations. 
 
Fig. 5.2. Grain boundary Schmid factor parameter versus residual burgers vector. The point to the 
left represents the interaction between slip system 6 in grain 1 and system 6 in grain 2. The 
contour plots of the shear increments show activation of systems 6 in mantle regions across the 
GB. The activation of both slip systems associated with this interaction point is considered an 
indication of slip transmission across the GB.  The point to the right represents the interaction 
between systems 6 and 7. No transmission from system 6 in grain 1 to system 7 in grain 2. Notice 
the high residual burgers vector associated with this possible interaction. Also, the geometric 
condition θ for this interaction is larger than the point to the left were transmission is observed (θ 
6,7 = 24.5º > θ 6,6 = 11.5º). This makes transmission less favorable due to the larger misalignment of 
slip planes. This can be visualized by looking at the possible slip traces for each slip system in 
both grains (dashed black line for system 6 and red for system 7). 
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Fig. 5.3. SEM micrograph of the deformed sample showing traces of the activated slip systems in 
the vicinity of the GB shown in Fig. 5.2. Continuous slip traces across the GB were observed and 
the corresponding slip planes were the ሺ૚ഥ૚૚ሻ slip planes (system 6 is on the ሺ૚ഥ૚૚ሻ slip plane). 
These observations are consistent with the analysis made using shear strain calculations as 
shown in Fig. 5.2. 
 
Fig. 5.4. EBSD grain orientation map of the region of interest. The GB considered in Figs. 5.2 and 
5.3 is marked. Each GB in the aggregate was individually selected and similar analysis (as shown 
in Fig. 5.3) was conducted. 
54 
 
The analysis procedure for the GB in Fig. 5.2 was extended to cover the entire 
microstructure under consideration. Each of the GBs shown in Fig. 5.4 was individually 
considered and an estimate of the residual Burger’s vector (for the transmitting cases) was 
calculated. The experimental estimates of |࢈࢘| that we established for each GB are similar to the 
transmission case shown in Fig. 5.2. As indicated earlier, several values of |࢈࢘| were calculated 
if multiple slip systems were activated in the mantle regions. Figure 5.5a shows a histogram of 
the minimum |࢈࢘| for each of the transmitting GBs in the region of interest (~1000 GBs).  
 
Fig. 5.5 (a) Histogram of the minimum |࢈࢘| for each of the transmitting GBs in the region of interest 
(~ 1000 GBs). Some of the transmission cases occur leaving relatively high magnitudes of br, e.g., 
14 % of GBs show |br| > 0.7. Three distinct spikes in the number of GBs having similar |࢈࢘| can be 
observed at |࢈࢘| ൌ ૙, |࢈࢘| ൌ ૙. ૝૚, ܉ܖ܌	|࢈࢘| ൌ ૙. ૠ૚. Most of these boundaries were characterized as 
Σ3 type. The first spike is at |࢈࢘| ൌ ૙, this represent cross slip across the GB leaving no residual in 
the GB plane as shown schematically in (b). The second spike is at |࢈࢘| ൌ 	 |ሺࢇ ૟⁄ ሻ〈૛૚૚〉| ൌ ࢇ √૟⁄  ; 
this reaction leaves a partial dislocation step in the GB plane as shown in (c). The third spike is at 
|࢈࢘| ൌ 	 |ሺࢇ ૛⁄ ሻ〈૚૙૚〉| ൌ ࢇ √૛⁄ , which leaves a full dislocation step in the GB plane as shown in (d). 
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Three distinct peaks in the number of GBs having similar |࢈࢘| are observed in Fig. 5.5a. 
Most of these boundaries were characterized as Σ3 type GBs, i.e., twins. The first peak is 
at	|࢈࢘| ൌ 0. This magnitude of the residual Burgers vector is associated with cross slip leaving 
no residual in the GB plane (Hirth and Lothe 1992), as shown schematically in Fig. 5.5b. The 
second peak is at |࢈࢘| ൌ 	 |ሺܽ 6⁄ ሻ〈211〉| ൌ ܽ √6⁄  ; this type of reaction leaves a partial dislocation 
step at the GB as shown in Fig. 5.5c. The third peak is at |࢈࢘| ൌ 	 |ሺܽ 2⁄ ሻ〈101〉| ൌ ܽ √2⁄  , which 
leaves a full dislocation step at the GB as shown in Fig. 5.5d. Examples of these three different 
cases, from our experimental results plotted in Fig. 5.5a are shown in Eqs. (5.5 – 5.7) below:   
௔
ଶ ሾ110ሿଵ ⟶
௔
ଶ ሾ101ത	ሿଶ ൅ ࢈࢘ ⟹ ࢈࢘ ൌ 0 ⟹ |࢈࢘| ൌ ૙                            (5.5) 
௔
ଶ ሾ1ത	0	1തሿଵ ⟶
௔
ଶ ሾ1ത	1ത	0ሿଶ ൅ ࢈࢘ ⟹ ࢈࢘ ൌ
௔
଺ ሾ1	1	2തሿଵ ⟹ |࢈࢘| ൌ ܽ √6⁄           (5.6) 
௔
ଶ ሾ1	1	0ሿଵ ⟶
௔
ଶ ሾ0	1	1ሿଶ ൅ ࢈࢘ ⟹ ࢈࢘ ൌ
௔
ଶ ሾ1	0	1തሿଵ ⟹ |࢈࢘| ൌ ܽ √2⁄  .        (5.7) 
 
5.2. Strains across Grain Boundaries   
Figure 5.6 shows a specific example of transmission through a Σ3 GB resulting in 
	|࢈࢘| ൌ 0 (Eq. 5.5). From the SEM micrograph (Fig. 5.6a), we see continuous slip traces across 
the GB. The shear strains associated with the observed traces determine the specific slip 
systems and directions of slip associated with the slip traces. Figure 5.6b shows contour plots of 
the shear strains for the incident and transmitted slip across the GB. The continuity of slip traces 
and the high shear strains across the interface (incident and transmitted) is associated with slip 
transmission across this GB. Consideration of the Lee, Robertson and Birnbaum criterion for 
slip transfer (LRB) [2] predicts the observed transmitted dislocation (system 2 in the top grain in 
Fig. 5.6) for the measured incident dislocation as shown in Table 5.1. This reaction results in |br| 
= 0 (see Fig. 5.6), i.e., cross slip of the incident dislocation across the GB with no residual 
dislocation at the GB plane. We note that for this magnitude of br, high shear strains were 
measured across the interface. 
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Fig. 5.6. Slip transmission through a Σ3 GB. (a) SEM micrograph showing continuity of slip traces 
across the GB.  The shear strains associated with the observed traces are shown in (b). The 
directions and magnitudes of both systems across the interface indicates slip transmission 
through the GB with |br| = 0 (a represents the lattice spacing of the material). 
 
Table 5.1. Prediction of the activated slip system for transmission through the Σ3 GB shown in 
Fig. 5.6. The incident slip is ሺ૚	૚ഥ	૚ሻ	ሾ૚	૚	૙ሿ which is determined from the shear strain calculation. 
The direction of this slip system is confirmed to be towards the GB (from the sign of shear strain). 
Slip transmission follows the LRB slip transfer criterion. 
Slip 
System,  
Slip Plane Slip 
Direction 
Geometric 
condition, θ º  
Schmid 
Factor 
|br| 
System 1 ሺ1	1	1ሻ ሾ1	1ത 0ሿ 20.4 0.12 0.71 
System 2 ሺ૚	૚	૚ሻ ሾ૚	૙ ૚ഥሿ 20.4 0.48 0.00 
System 3 ሺ1	1	1ሻ ሾ0	1 1തሿ 20.4 0.36 0.71 
System 4 ሺ1ത	1	1ሻ ሾ1	0 1ሿ 82.8 0.10 1.00 
System 5 ሺ1ത	1	1ሻ ሾ0	1 1തሿ 82.8 0.11 0.71 
System 6 ሺ1ത	1	1ሻ ሾ1	1 0ሿ 82.8 0.21 0.71 
System 7 ሺ1	1ത	1ሻ ሾ1ത	0 1ሿ 67.3 0.04 0.00 
System 8 ሺ1	1ത	1ሻ ሾ0	1 1ሿ 67.3 0.02 1.23 
System 9 ሺ1	1ത	1ሻ ሾ1	1 0ሿ 67.3 0.06 0.71 
System 10 ሺ1	1	1തሻ ሾ1	1ത 0ሿ 50.3 0.15 0.71 
System 11 ሺ1	1	1തሻ ሾ1	0 1ሿ 50.3 0.42 1.00 
System 12 ሺ1	1	1തሻ ሾ0	1 1ሿ 50.3 0.27 1.23 
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As we aim to elucidate the relationship between |࢈࢘| and the magnitude of shear strains 
across GBs due to slip transmission, we present another example of slip transmission through a 
Σ3 GB (shown in Fig. 5.7), but with incident and transmitted dislocations yielding a higher 
magnitude of br compared to the first example shown in Fig. 5.6. The contour plots of the shear 
strains in Fig. 5.7b shows higher strains in one of the grains (incident dislocation side) and 
relatively lower strains in the other grain across the GB (transmitted dislocation side). The 
reaction associated with the observed transmission, as shown in Eq. (5.6), yields |br| = 0.41 a 
(where a is the lattice spacing of the material). 
 
Fig. 5.7. Slip transmission through a Σ3 GB. (a) SEM micrograph showing continuity of slip traces 
across the GB.  The shear strains associated with the observed traces are shown in (b). The 
directions and magnitudes of both systems across the interface indicates slip transmission 
through the GB with |br| = 0.41 a.  
 
For each of the presented examples in Figs. 5.6 and 5.7, we calculated the average 
shear strains in mantle regions of the incident and transmitted slips across each GB. Table 5.2 
reports these values along with the ratio of transmitted shear strains to incident shear strains. 
We observe an inverse relation between this ratio and the magnitude of br. Notice that the 
magnitudes of the incident shear strains are comparable for both of the reported cases while the 
transmitted shear strain magnitude is lower at high |࢈࢘|. 
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Table 5.2. Relationship between |br| and the magnitude of shear strain across GBs for 
transmission cases presented in Figs. 5.6 and 5.7. 
|ܾ௥| Average Mantle Strain (%) ∑หߛሺ்௥௔௡௦.ሻห
∑หߛሺூ௡௖.ሻห  ∑ หߛሺூ௡௖.ሻห ∑ หߛሺ்௥௔௡௦.ሻห 
0 2.9 3.2 1.1 
0.41a 2.8 1.5 0.5 
 
In Fig. 5.8, we present additional cases showing more complicated reactions and 
transmission of multiple slip systems through two Σ3 GBs. Reactions A and B represent cross 
slip through both GBs of the annealing twin in the middle of Fig. 5.8a, i.e., |br| = 0. Reactions C 
and D represent transmission in the opposite direction compared to A and B. We clearly 
observe from the contour plots in Figs. 5.8b-5.8d that different slip activity, and thus different slip 
transmission reactions takes place in different spatial locations of a single GB. In Table 5.3 we 
report the magnitudes of the shear strains for reactions A and C. We again observe an inverse 
relation between the ratio of shear strains and the magnitude of br. 
 
Fig. 5.8. Multiple slip transmission through Σ3 GBs. (a) SEM micrograph showing continuity of slip 
traces across the GB.  The shear strains associated with the observed traces of reactions A and B 
are shown in (b), reaction C in (c), and reaction D in (d).  
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Table 5.3. Relationship between the |br| and the magnitude of shear strain across GBs for 
transmission cases presented in Fig. 5.8. 
Reaction Min. 
|ܾ௥| 
Average Mantle Strain (%) ∑หߛሺ்௥௔௡௦.ሻห
∑หߛሺூ௡௖.ሻห  ∑ หߛሺூ௡௖.ሻห ∑ หߛሺ்௥௔௡௦.ሻห 
A 0 2.1 2.3 1.1 
C 0.41a 4.4 2.8 0.6 
 
To further confirm the conclusions and observations from Figs. 5.6 – 5.8, all the 
transmitting GBs were considered.  For simplicity, the effective plastic strain (εpeff) was 
considered instead of the specific shear strain as shown in Figs. 5.6 – 5.8. The experimentally 
determined estimates of |࢈࢘| and the strain measurements across GBs (mantle regions) were 
utilized. First, we calculated the strain across each transmitting mantle in the region of interest, 
and then binned the GBs based on the minimum estimate of |࢈࢘| and finally calculated the 
average strain across the GBs for each bin. Figure 5.9 shows a plot of strain across GBs 
versus|࢈࢘|. Higher strains were measured across those GBs that have low |࢈࢘| indicating a 
lower GB resistance to slip transmission. 
 
Fig. 5.9. Strain across grain boundaries versus residual Burgers vector. The strain across GBs is 
calculated by adding the average strains in both mantles across the boundary. Boundaries that 
show higher strains across the GB exhibit lower residual Burgers vectors. This can be related to 
the GB resistance to slip transmission. 
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5.3. Discussion of Chapter 5 
The experimental and analysis procedure adopted in this study provides point-wise 
comparisons between strain fields (from DIC) and microstructure (from EBSD). The significance 
of this approach is that it enables quantitative analysis of local deformation in the vicinity of each 
GB within a polycrystalline aggregate. For each GB, we have identified the GB type (Σ value), 
crystallographic orientation, plastic strains, and local slip system activity in mantle regions 
across the interface. These experimental results were used to study slip transmission across 
GBs and how it relates to local strain heterogeneities in the plastic response. Although more 
details can be attained from higher resolution techniques, e.g., TEM, the limitations associated 
with small viewing areas makes considering a large number of grain boundaries, at 
comparatively lower resolutions, valuable for an improved understanding of the deformation 
response in the polycrystalline aggregate. 
In the current work, we have considered an entire aggregate and determined the 
residual Burgers vector and strain magnitudes across every GB due to slip transmission. The 
residual Burgers vector, br, was calculated using the slip directions of the incoming and 
outgoing active slip systems across each GB (Eq. (5.2)) and the strain magnitudes across GBs 
were computed by adding the average ߝ௘௙௙௣  in both mantles across each interface. Since a large 
number of GBs were investigated, we were able to establish the relation between |࢈࢘| and the 
magnitudes of strain across GBs (Fig. 5.9). The higher strains across certain boundaries, at low 
|࢈࢘|, are attributed to lower GB resistance against slip transmission, while lower strains across 
GBs, at high |࢈࢘|, are attributed to higher GB resistance against slip transmission. This result 
confirms the importance of the residual Burgers vector in slip transmission (Lim and Raj 1985; 
Lee, Robertson et al. 1989) and also indicates that it is essential for describing the local strain 
magnitudes in the vicinity of GBs for a polycrystalline aggregate.  
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An additional level of understanding of the role of |br| in slip transmission can be 
obtained from Molecular Dynamics (MD) simulations by calculating the energy barriers against 
slip transmission. As our aim was to further elucidate the relation between |࢈࢘| and GB 
resistance to slip transmission, two simulation cases that result in different magnitudes of br are 
shown in Fig. 5.10. (Simulations were conducted by Dr. Sangid and published in (Abuzaid, 
Sangid et al. 2012)). The first case shows transmission through a Σ7 GB. This interaction left a 
higher residual Burgers vector compared to the other simulated case, where transmission 
through a Σ9 GB is considered (0.41a > 0.22a, where a is the lattice spacing). The 
corresponding energy barriers presented in Fig. 5.10c and Fig. 5.10d show a higher energy 
barrier for the Σ7 case (higher |ܾݎ|) compared to the Σ9 case (lower |ܾݎ|). This difference in 
energy barriers, analogous to the GB resistance to slip transmission, leads to varying degrees 
of strain magnitudes across the GBs as shown in Fig. 5.9, i.e., higher slip induced strains across 
the GBs with lower resistance to slip transmission. This utilization of MD for energy barriers 
calculations is valuable since we can more accurately interpret the role of each GB in impeding 
slip deformation by understanding the physics of the material. We emphasize that the use of MD 
in conjunction with EBSD and DIC provides insights that cannot be gleaned by consideration of 
only one of these methods.  
It should be pointed out that slip transmission depends not only on the magnitude of br 
but also on other parameters such as the type of the boundary, loading conditions, i.e., resolved 
shear stress (RSS), and the geometric condition, θ, (Fig. 5.1). Lee et al. (1989) have indicated 
that there is a competition between br and the RSS to determine the final outcome of the slip 
transmission process. The systems that produce the absolute minimum residual might not be 
active due to lower RSS compared to other systems. Also, an activated system with the 
maximum RSS may cease operation if it generates residual dislocations with large magnitudes. 
Therefore, within a polycrystalline aggregate, where each grain is under a different state of 
62 
 
stress, consideration of both of these factors is required for a better description of the GB 
resistance to slip transmission.  
 
Fig. 5.10. (a) Dislocation transmission through a Σ7 GB. (b) Dislocation transmission through a Σ9 
GB. Notice that the interaction with the Σ7 GB leaves a higher |br| compared to the Σ9 GB (0.41a > 
0.22a). The corresponding energy barriers shown in (c) and (d) show a higher energy barrier for 
slip transmission in the Σ7 case (higher |br|) compared to the Σ9 case (lower |br|), respectively. 
 
We infer three different types of reactions involving twin boundaries (Σ3 GBs) as shown 
in Fig. 5.5. The same types of reactions were experimentally observed through TEM and 
reported in the literature for selected transmission cases (fcc materials), e.g., |ܾ௥| ൌ 0, i.e., cross 
slip (Lee, Robertson et al. 1989) and |ܾ௥| ൌ ܽ √6⁄  , i.e., leaving partial dislocation step in the GB 
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plane (Lee, Robertson et al. 1990). Also, some of these reactions have been reported and 
discussed in much more detail in studies using MD simulations (Dewald and Curtin 2011). The 
current study reports similar magnitudes of br by investigating a large number of grain 
boundaries in a polycrystalline aggregate. This approach provides further quantitative insight of 
the relative importance of each of the observed reactions, involving Σ3 GBs, in polycrystalline 
deformation. For example, we observe that the number of transmitting Σ3 GBs with |ܾ௥| ൌ 0 is 
considerably larger than the number of Σ3 GBs with  |ܾ௥| ൌ ܽ √6⁄   or |ܾ௥| ൌ ܽ √2⁄  (Fig 5.5). This 
in turn results in higher strain magnitudes across these interfaces, with |ܾ௥| ൌ 0, compared to 
other GBs.   
The experimental results presented in this Chapter highlight the importance of the 
magnitude of the residual Burgers vector due to slip transmission on the local plastic strains in 
the vicinity of grain boundaries. It should be pointed out that, although some of the 
heterogeneities in the local plastic strains are attributed to slip transmission, slip transfer is not 
the only contributing mechanism to the development of such heterogeneities, e.g., slip 
nucleation and elastic anisotropy have a contribution which we do not account for in the current 
study. Therefore, for a deeper perspective of the reasons why strain accumulation occurs at 
certain boundaries and not at others, and to discern between slip transmission and pure 
nucleation that might also take place at the GBs, further analysis of the other contributing 
mechanisms would be required. In situ experiments can be advantageous in that regard as 
deformation can be monitored in real time compared to ex situ experiments (i.e., after 
deformation) as performed in this study. However, there are many challenges related to the 
experimental setup and procedure which have to be overcome before such in situ experiments 
are possible (Carroll, Abuzaid et al. 2010). In addition, ex situ experiments afford a much higher 
resolution of DIC measurements than in situ ones. 
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Despite the previously mentioned limitations, which might affect the results obtained at 
individual GBs, we believe that the impact on the general observations made in the current work 
would be minimum as the average response of a large number of GBs was considered to make 
the final conclusions presented in this paper. 
5.4. Summary of Chapter 5 
High resolution DIC and EBSD were used to study the uniaxial plastic deformation 
response of a polycrystalline sample in relation to the underlying microstructure. The aim in this 
chapter was to develop a deeper perspective of strain accumulation in the vicinity of grain 
boundaries within a polycrystalline aggregate. The conclusions of this part of the work are 
summarized as follows: 
1- The high resolution DIC-EBSD  experimental tools were utilized to provide further insight 
into the role of the residual Burgers vector in slip transmission and plastic strain 
accumulation in the vicinity of GBs. This correlation between plastic strain magnitudes 
across GBs and the residual Burgers vector has not been investigated before. A better 
quantitative understanding of the local plastic strain magnitudes is of significant 
importance since the development of such deformation heterogeneities is a precursor to 
crack initiation. 
2- For an entire aggregate, we determined the residual Burgers vector and strain 
magnitudes across every GB due to slip transmission. Since a large number of GBs was 
investigated, we were able to establish an inverse relation between |࢈࢘| and the 
magnitudes of strain across GBs. To the best of our knowledge, no similar results have 
been presented in the literature where such a large number of GBs was considered with 
sufficient details to derive general conclusion concerning the impact of slip transmission 
on the development of local deformation heterogeneity. 
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3- The MD simulations revealed a higher energy barrier to slip transmission at high |࢈࢘|. 
These energy barriers, analogous to the GB resistance to slip transmission, have an 
influence on the strain magnitudes across GBs.  
4- The higher strains across certain boundaries, at low |࢈࢘|, were associated with lower GB 
resistance against slip transmission while lower strains across GBs, at high |ܾ௥|, were 
attributed to higher resistance against slip transmission.  
5- The reactions we inferred for slip transmission across Σ3 GBs revealed a larger number 
of boundaries with |࢈࢘| ൌ 0, i.e. cross slip, compared to other types of reaction resulting 
in higher magnitudes of the residual Burgers vector. This in turn results in higher strain 
magnitudes across these interfaces, with|࢈࢘| ൌ 0, compared to other GBs.   
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Chapter 6: Analysis of Strain Evolution 
In this Chapter, high resolution ex situ digital image correlation (DIC) was used to 
measure the evolution of plastic strains in samples subjected to incremental monotonic loading 
and fatigue. The experimental results clearly show strain accumulation in the same spatial 
regions with additional loading, monotonic and fatigue, thus leading to an increased level of 
deformation heterogeneity. Additional plastic deformation amplifies the level of strain 
heterogeneities by intensifying the magnitude of local strains in specific regions through 
activation of predominantly the same slip systems. The number of activated slip systems and 
how it evolves with deformation is also discussed in this Chapter. 
6.1. Experimental Procedure 
Dog bone specimens with 3.0 x 1.47 mm cross sectional gage area were electric 
discharge machined from a 3.2 mm thick sheet in the as received condition  (The overall sample 
size is shown in Fig. 6.1a). The surfaces of the specimens were prepared for EBSD analysis 
and high resolution DIC following the procedure described in Section 3.2. Two different loading 
histories were applied to different samples to study strain evolution using high resolution DIC at 
the microstructural level in conjunction with EBSD (following a similar procedure as described in 
Chapter 4). The first sample, also the focus in this Section, was incrementally deformed in 
uniaxial tension using a servo-hydraulic load frame to a residual plastic strain of 0.01%, 0.3%, 
0.9%, 1.8%, and 2.8% (using strain control at 1.83 x 10-4 1/s strain rate). The sample was 
unloaded (using load control) after each loading cycle and removed from the load frame for high 
resolution ex situ DIC measurements (Def. 1 – 5 as shown in Fig. 6.1b).  
To investigate strain evolution under fatigue loading conditions, which will partly justify 
the work presented later in Chapter 8, the other sample was fatigued using load control at a rate 
of 0.4 Hz, loading ratio, R, of -1, and stress range of 750 MPa. Load control was chosen to 
avoid using an extensometer and guarantee that the surface of the sample, where DIC 
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measurements were made, remained exposed and unchanged by any contact from the 
extensometer. Ex situ DIC measurements were made after 1,000, 10,000, 20,000, 25,000, and 
30,000 fatigue cycles.   
 
 
Fig. 6.1. (a) The sample dimensions. (b) Stress-Strain curves showing the loading history for the 
uniaxial tension sample. The reported strains are from DIC average fields. Ex situ DIC was 
performed at the end of each loading cycle (Def.1 – Def.5). The boxes at the bottom of the figure 
refer to the increment of deformation between two consecutive deformed states. 
6.2. Local Plastic Strains Evolution in Uniaxial Tension  
Figures 6.2a-d show the contour plots of the vertical strain fields εyy (along the loading 
direction) for Def.2 – Def.5 states, respectively. The GBs were superimposed on all the contour 
plots using the EBSD measurements acquired before deformation. At low levels of residual 
strains (mean εyy 0.3 %) as shown in Fig. 6.2a, strain accumulation in the vicinity of some GBs 
was detected. Some of the strain accumulation took place across multiple grains leading to the 
formation of grain clusters (some are marked in Fig. 6.2a). Examples of shielding were also 
detectable at this low level of residual strains. These observations (i.e., formation of grain 
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clusters, slip transmission and shielding) at low magnitudes of plastic strain seems to hold with 
continued loading (Compare the marked regions in Figs. 6.2a-d). 
 
Fig. 6.2. (a-d) Contour plot of the vertical (εyy) strain field with overlaid grain boundaries for 
deformed states Def.2 – Def.5, respectively.  Notice the strain accumulation in the vicinity of some 
GBs in (a) and the early signs of shielding and slip transmission, which leads to the formation of 
grain clusters. These observations (i.e., formation of grain clusters, slip transmission and 
shielding) at low magnitudes of plastic strain seems to hold with continued loading (Compare the 
marked regions in Figs. 6.2a-d). 
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Fig. 6.2. (continued) 
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Fig. 6.2. (continued) 
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Fig. 6.2. (continued) 
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Using the full field DIC measurements of deformed states Def.2 – Def.5, strain 
histograms of the εyy strains were constructed (see Fig. 6.3a). By comparing the strain 
histograms, it is noticed that the maximum strain (i.e., the right end of each histogram) 
increases more than the increase in the minimum strain (i.e., the left end of each histogram) 
after each loading increment. This observation can be better visualized using Fig. 6.3b which 
shows the evolution of mean, minimum, and maximum field strains for all the deformed states. 
Notice the substantial increase in the magnitude of maximum strain while the minimum strain 
experiences insignificant change. The interpretation of these measurements is that an increased 
level of deformation heterogeneity is developing in the material with additional accumulation of 
plastic strains. This can also be seen by observing the increase in the width of the strain 
histograms in Fig. 6.3a and through the evolution of the histograms standard deviations as 
plotted in Fig. 6.3c. 
In order to shed more light into this increased level of heterogeneity developing in the 
material, strain contour plots of the difference between each two deformed states were 
generated and are shown in Figs. 6.4a-c. To generate the contour plot in Fig. 6.4a, for example, 
the strain from each DIC measurement point at deformed state Def.2 was subtracted from the 
corresponding DIC point at deformed state Def.3 (essentially subtracting the contour plot shown 
in Fig. 6.2a from the contour plot in Fig. 6.2b). The resulting contour plots indicate that the strain 
evolution with additional loading cycles takes place in relatively the same spatial regions (Notice 
the similarity between the locations of high strains in Figs. 6.4a-c). The strains in regions with 
high strains (e.g., grain cluster) increases while low strain regions (e.g., on one side of a 
blocking GB) remain relatively unchanged. This selective accumulation of strain, which is 
strongly influenced by the microstructure, leads to the increased level of deformation 
heterogeneity (Fig. 6.3a). 
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Fig. 6.3. (a) Strain histograms of the vertical (εyy) strains for deformed states Def.2 –Def.5. The 
maximum strain (i.e., the right end of each histogram) increases more than the increase in the 
minimum strain (i.e., the left end of each histogram). (b) Evolution of the minimum, mean, and 
maximum field strains. Maximum strains increase significantly while minimum strains make minor 
change. Standard deviations of the histograms shown in (a). Overall, the figures indicate that the 
level of deformation heterogeneity increases with additional accumulation of plastic strains.  
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Fig. 6.4. (a-c) Strain Contour plots (εyy) of the difference between each two deformed states.  For 
example, the contour plot in (a) is generated by subtracting the contour plot shown in Fig. 6.2a 
(Def.2) from the contour plot in Fig. 6.2b (Def.3), thus enabling the determination of where strain 
accumulated between Def.2 and Def.3. The contour plots indicate that the strain evolution with 
additional loading cycles takes place in relatively the same regions (Notice the similarity between 
the locations of high strains in Figs. 6.4a-c).  
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Fig. 6.4. (continued) 
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Fig. 6.4. (continued) 
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6.3. Number of Activated Slip Systems 
 The procedure for calculating the shear strain increments (݀ߛఈ) presented in Section 
4.4.2 enables the determination of the number of activated slip system. Although in solving Eq. 
4.8 for ݀ߛఈ all systems with nonvanishing resolved shear stress are potentially active, a low 
magnitude of ݀ߛఈ for a specific system can be used as an indication that that system is 
practically not active. In this section, the aim is to investigate the number of activated slip 
systems for all the deformed states discussed above.  
 Before analyzing the number of activated slip systems across the entire region, an 
example focusing on a selected region is discussed first. Figure 6.5a shows a contour plot of the 
εyy strain field for a selected region (a subset of the entire field shown on Fig. 6.2d). An SEM 
image at the same deformed state (Def.5) is shown in Fig. 6.5b. The slip traces, which are 
clearly observed in the SEM image, were identified using the crystal orientations of the marked 
grains (Grain I, II, and III). Contour plots of the shear strains (݀ߛఈ) with the highest magnitudes 
in the selected region are plotted in Fig. 6.6 for deformed states Def.2 (Fig. 6.6a-d), Def.3 (Fig. 
6.6e-h), Def.4 (Fig. 6.6i-l), and Def. 5 (Fig. 6.6m-p). Two observations can be made from the 
contour plots in Fig. 6.6; first, notice that the systems that are clearly active at deformed state 
Def. 2 continue to be active in consecutive deformed states and they accumulate additional 
strains (e.g., for grains I and II see Figs. 6.6d, h, l, and p). The continuous accumulation of strain 
through additional activation of the same slip systems is consistent with the observations made 
in Section 6.2 where an increased level of deformation heterogeneity was measured. The 
second observation is that the slip systems that showed no activity at deformed state Def. 2 
(e.g., for grains I and II see Fig. 6.6c) were activated in later deformed states (compare Figs. 6.6 
c and g). This indicates that the number of activated slip systems evolves (increases) at larger 
levels of deformation. To shed further light into these observations, the evolution of the average 
݀ߛఈ for Grains I and III (all the 12 slip systems) is shown in Figs. 6.7a-b. For Grain I (Fig. 6.7a), 
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system 8 dominates and accumulates the highest magnitudes of strains (~ 37 % of all 
magnitudes of ݀ߛఈ on the 12 slip systems belong to system 8). None of the other slip systems 
are as significant as system 8 (beyond system 8, two-three slip systems share 40 – 50 % of 
all	݀ߛఈ).  A similar result was also seen for Grain III as shown in Fig. 6.7b. We finally note that 
the slip systems which dominate the slip activity for Grains I and III are also the systems with 
the highest magnitudes of the Schmid factor (0.48 for slip system 8 in Grain I and 0.45 for slip 
system 5 in Grain III). 
 
Fig. 6.5. (a) Contour plot of the εyy strain field for a selected region (a subset of the entire field 
shown on Fig. 6.2d). (b) An SEM image at the same deformed state (Def.5). The slip traces, which 
are clearly observed in the SEM image, were identified using the crystal orientations of the 
marked grains (Grain I, II, and III). 
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Fig. 6.6. Contour plots of the shear strains (ࢊࢽࢻ) with the highest strain magnitudes in the selected 
region plotted in Fig. 6.5. The contour plots are shown for deformed states Def.2 (a-d), Def.3 (e-h), 
Def.4 (i-l), and Def. 5 (m-p). Notice that the systems that are clearly active at deformed state Def. 2 
continue to be active in consecutive deformed states and they accumulate additional strains. The 
slip systems that showed no activity at deformed state Def. 2 (e.g., for grains I and II see Figs. 6.6 
c) were activated in later deformed states (compare Figs. 6.6 c and g). This indicates that the 
number of activated slip systems evolves (increases) at larger levels of deformation. 
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Fig. 6.7. (a-b) The evolution of the average ࢊࢽࢻ for Grains I and III (all the 12 slip systems). For 
Grain I (Fig. 6.7a), system 8 dominates and accumulates the highest magnitudes of strains (~ 37 % 
of all magnitudes of ࢊࢽࢻ on the 12 slip systems belong to system 8). None of the other slip 
systems are as significant as system 8 (beyond system 8, two-three slip systems share 40 – 50 % 
of all	ࢊࢽࢻ).  A similar result was also seen for Grain III as shown in (b). 
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By considering the magnitudes of the shear strains	݀ߛఈ, an experimental estimate of the 
number of activated slip systems can be established. Figures 6.8a-d show the shear strain 
(݀ߛఈ) distribution of all the 12 slip systems across the entire region of interest (deformed states 
Def.2 – Def.5). The large fraction of low magnitudes of shear strains is associated with slip 
systems that were not activated (left side of the distributions with low	݀ߛఈ). At deformed state 
Def.5, the shear strains can be as high as 5% as shown in Fig. 6.8d. In this work, a cutoff shear 
strain magnitude of 0.2 % was used as a criterion to determine whether a slip system is active 
or not (this assumption is discussed in Section 6.5). Following this assumption, the number of 
activated slip systems from each DIC measurement point was determined for all the deformed 
states. Histograms of the number of activated slip systems for deformed states Def.2 – Def.5 
are shown in Figs. 6.9a-d, respectively. The histograms show that the number of activated slip 
systems increases across the entire region with additional deformation. For example, at 
deformed state Def.2 about 20% of DIC measurement points have either 0 or 1 activated 
system; this fraction diminishes to 0 at deformed state Def. 5. It is emphasized however, that the 
activation of a slip system does not necessarily mean that it will have a major contribution to the 
total strain (see Fig. 6.7). 
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Fig. 6.8. (a-d) The shear strain (ࢊࢽࢻ) distribution of all the 12 slip systems across the entire region 
of interest for deformed states Def.2 – Def.5, respectively. The large fraction of low magnitudes of 
shear strains is associated with slip systems that were not activated (left side of the distributions 
with low (	ࢊࢽࢻ). In this work, a cutoff shear strain magnitude of 0.2 % was used as a criterion to 
determine whether a slip system is active or not. 
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Fig. 6.8. (continued) 
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Fig. 6.9. (a-d) Histograms of the number of activated slip systems for deformed states Def.2 – 
Def.5, respectively. The histograms show that the number of activated slip systems increases 
across the entire region with additional deformation. For example, at deformed state Def.2 about 
20% of DIC measurement points have either 0 or 1 activated system; this fraction diminishes to 0 
at deformed state Def. 5. It is emphasized however, that the activation of a slip system does not 
necessarily mean that it will have a major contribution to the total strain (see Fig. 6.7). 
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Fig. 6.9. (continued) 
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6.4. Strain Evolution in Fatigue 
The results presented thus far for uniaxial tension indicate that GBs play an important 
role in introducing plastic strain heterogeneities. Observations which indicate slip blockage (pile-
up formation) and slip transmission (leading to the formation of grain clusters) were made. In 
this section we present some results obtained under cyclic loading conditions to further explore 
the role of GBs in fatigue. 
 Figures 6.10a-c show contour plots of the vertical strain field εyy (along the loading 
direction) at 1,000, 10,000, and 30,000 cycles, respectively of a fatigue loaded sample (Load 
control at a rate of 0.4 Hz, loading ratio, R, of -1, and stress range of 750 MPa). These results 
were obtained using the same ex situ procedure used for the uniaxial tension case, but at a 
lower measurement resolution (10 x (0.436 µm/pixel) versus 25 x (0.174 µm/pixel)) to allow the 
investigation of a larger region of interest, thus giving a higher probability of capturing the region 
that eventually initiates cracks. For each measurement, the sample was removed from the load 
frame and the deformed images were captured in the optical microscope. Subsequently, the 
sample was reinstalled in the load frame for additional loading.  
In addition to similar observations as in uniaxial tension (Fig. 6.2), the full field contour 
plots in Fig. 6.10 show clearly that specific regions accumulate strain with additional loading 
cycles, while other regions remain relatively unchanged with no significant strain evolution. GBs 
delineate these regions and again indicate the formation of grain clusters and blockage with 
high strain accumulation on one side of the interface. The role of GBs in strain accumulation is 
further clarified by monitoring the strain evolution in the vicinity of a specific GB, as shown in 
Fig. 10d (the grain boundary region selected is shown in the inset of Fig.6.10d). We measure an 
increase in strain at that particular boundary while noting that the nominal (average) strain for 
the entire sample was relatively constant with increasing loading cycles (0.06 and 0.09 % at 
1,000 and 30,000 cycles, respectively). This observation highlights how nominal sample 
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response (e.g., average strain) fails to capture deformation localization and the increased level 
of heterogeneity which develops with additional loading. The DIC results provide such 
quantitative insight during fatigue. The correlation between such measurements and crack 
initiation will be discussed in Chapter 7. 
 
Fig. 6.10. (a-c) Contour plots of the vertical strain field εyy (along the loading direction) at 1,000, 
10,000, and 30,000 cycles, respectively. We observe that particular regions, in the vicinity of GBs, 
accumulate strain with additional loading cycles, while other regions remain, relatively, 
unchanged with no significant strain evolution. Strain evolution with loading cycles in the vicinity 
of a single GB is shown in (d). An increase in strain in that particular region is seen while the 
nominal (average) strain of the entire sample remains relatively constant. 
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6.5. Discussion of Chapter 6 
The experimental results presented in this Chapter clearly indicate the importance of the 
local microstructure in inducing deformation heterogeneities by the continuous accumulation of 
strains in specific regions (e.g., grain clusters). Besides the accumulation of strain in the same 
regions, it was also observed that the same slip systems, which were activated at low levels of 
deformation, continued to be active and dominated the total slip. New systems were also 
activated at higher levels of deformation, but their contribution to the total slip was not as high 
as the systems that were initially activated at deformed state Def.2 (Fig. 6.6). One important 
implication of these observations relates to fatigue crack initiation. It is well known that local 
plasticity is precursor to crack nucleation. The experimental results in this Chapter shows that 
the localization of strains takes place early and at low levels of deformation (Fig. 6.10) and 
therefore may imply that the location of fatigue cracks is determined at such low levels of strains 
and long before fatigue cracks are observed. This aspect will be subjected to further analysis in 
Chapter 7.  
In analyzing the number of activated slip systems (Section 6.3), a cutoff shear strain of 
0.2 % was selected to determine if a slip system was activated. The criterion used and the 
magnitude of the cutoff shear strain were selected as a first approximation. We note that this 
approach does not directly indicate the relative importance of the activation of each particular 
slip system (in terms of contribution or relative shear strain compared to all other slip systems). 
For example, the plots in Fig. 6.7 show large deviations between the shear strains on the 12 slip 
systems. This indicates that although a slip system might be considered active based on the 
adopted criterion, the magnitude of the corresponding shear strains can be significantly lower 
than the two-three slip systems which dominate ~ 90% of the deformation. This observation can 
be utilized as an alternative approach to identify the activated slip systems based on their 
relative contribution to the total deformation (e.g., systems with contribution of ≥10%). This 
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criterion was adopted by some researchers to determine the number of activated slip systems in 
finite element crystal plasticity simulation (e.g., (Musienko, Tatschl et al. 2007)). Handling 
point/regions, with low levels of strain would a limitation of this approach. One way to resolve 
this issue is to consider both criteria simultaneously (percent contribution and cutoff shear strain 
magnitude to handle low strain regions). Further investigation of these issues is required 
including how to define the cutoff shear strain and whether its magnitude should depend on the 
level of deformation (i.e., should a different value be used for each deformed state Def.2 – 
Def.5). 
Based on the selected criterion for determining the number of activated slip systems, we 
observed that at higher levels of deformation, the number of active slip systems increases 
(shown in Fig. 6.9). Other researchers have reported contradictory results be comparing crystal 
plasticity simulations at 0.2% and 5% global strain (Musienko, Tatschl et al. 2007). An increase 
in the number of active slip systems is more realistic. We believe that what appears to be a 
contradiction between experimental and simulation results is strictly an outcome of the different 
criteria used to determine the number of activated slip systems. 
In calculating the shear strains ݀ߛఈ for all the deformed states, the original crystal 
orientation was used in solving Eq. 4.8. This represents a simplifying assumption since lattice 
rotation will take place with continued deformation. Crystal orientation measurements after each 
deformed state will be required to address this point. However alignment problems, pattern 
quality for EBSD, and the effort associated with conducting multiple EBSD scans are all 
challenges and limitation that would have to be addressed before making such measurements. 
Nevertheless, the impact of lattice rotation is expected to be low in our case since low levels of 
strains were considered.  
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In summary, we note that the local microstructure has a predominant role in localizing 
deformation and in inducing deformation heterogeneities. Additional plasticity increases the 
level of heterogeneities by significantly increasing the magnitude of strains in specific regions by 
activating predominantly the same slip systems. 
6.6. Summary of Chapter 6 
The aim in this chapter was to investigate the evolution of localized strains at the 
microstructural level. The conclusions of this part of the work are summarized as follows: 
1- The full field DIC measurements clearly indicate the importance of the local 
microstructure in inducing deformation heterogeneities by the continuous 
accumulation of strains in specific regions (e.g., grain clusters). We note that the 
locations for strain localization were observed early and at low levels of deformation. 
2- The accumulation of strains in the same regions is also accomplished through 
continuous activation of predominately the same slip systems. Although new 
systems were also activated at higher levels of deformation, their contribution to the 
total slip was not as high as the systems that were initially activated.  
3- Although a slip system might be considered active based on different criteria (e.g., 
based on a cutoff strain magnitude or percent contribution) , the magnitude of the 
corresponding shear strains can be significantly lower than the 2-3 slip systems 
which dominate ~ 90% of the deformation. 
4- Based on the selected criterion for determining the number of activated slip systems 
in this Chapter, we observed that at higher levels of deformation, the number of 
active slip systems increases. 
5‐ Evolution of the plastic strains in the vicinity of GBs under fatigue loading was 
demonstrated using DIC at the grain level. Local ratcheting at the crystal level was 
observed with relatively constant nominal average strain.  
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Chapter 7: Fatigue Crack Initiation 
Localized plastic flow is precursor for fatigue crack initiation. Despite extensive research 
in fatigue, the majority of experimental results are qualitative in nature pointing out the critical 
features and GBs which are prone to crack formation. In this Chapter, high resolution ex situ 
DIC was used to measure plastic strain accumulation for Hastelloy X subjected to cyclic loading. 
The strain measurements are made prior to fatigue micro-crack formation. Observations of 
fatigue cracks (after strain localization has occurred) were also made in the SEM. The aim of 
this effort is to provide further insight, quantitatively, into the localization of plastic strains at the 
microstructural level and the locations and lengths of fatigue micro-cracks. In addition, we seek 
to further investigate the difference in GB response in either blocking or transmitting slip and 
demonstrate how these two mechanisms influence strain magnitudes across GBs and 
consequently the fatigue crack lengths. 
7.1. Experimental Procedure 
Fatigue specimens were electro-discharge machined from a 3.2 mm thick sheet in the as 
received condition. Hour glass specimen geometry (i.e., relatively small gage section) was 
adopted to enable investigation of the entire gage area for fatigue cracks. The constant 
(reduced) gage area was 2.0 mm x 1.0 mm and the thickness was 1.5 mm as shown in Fig. 
7.1a. The selected gage area was the maximum possible for practical EBSD/high resolution DIC 
measurements on the entire region. The surface of the specimen was prepared for EBSD 
analysis/high resolution DIC following the procedure described in Section 3.2. Prior to 
deformation, the microstructure in the region of interest (marked with Vickers indentation 
markers) was characterized using EBSD (a measurement spacing of 1.5 μm was used). Figure 
7.1b shows a grain orientation map of the sample investigated in this study. The total number of 
grains in the region of interest was 4492 grains with an average grain diameter of ~ 24 μm 
(annealing twins are considered as individual grains in our analysis).  
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Fig. 7.1. (a) Hour glass sample dimensions. The entire reduced cross section was considered in 
EBSD, DIC, and SEM analysis. (b) Grain orientation map of the region of interest from EBSD. 
Fiducial markers (Vickers indentations) were used to mark the region of interest on the sample’s 
surface. 
 
For high resolution ex situ DIC measurements, a fine speckle pattern was introduced on 
the sample’s surface by roughening the highly polished surfaces (the Surface Roughening 
method was described in Section 3.4). Arrays of reference and deformed images were captured 
using an optical microscope at 25x (0.174 μm/pixel) magnification. The method for creating the 
speckle pattern and the imaging magnification allowed for a subset size of ~ 4.7 μm (27 pixels). 
Arrays of 72 overlapping images, for reference and deformed states, were required to cover the 
selected region of interest for DIC measurements. In each case, the sample had to be removed 
from the load frame to acquire the images using the optical microscope. We note that the 
speckle pattern quality, selected magnification, and the achieved DIC resolution in this part of 
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the work allows for sub-grain level deformation measurements (average number of DIC 
correlation points per grain = 600). 
After characterizing the microstructure and capturing reference images for DIC, the 
sample was fatigued in load control at a rate of 0.4 Hz, loading ratio, R, of -1, and stress range 
of 900 MPa (using a servohydraulic load frame). After 1,000 cycles (point marked ‘A’ in Fig. 
7.2), the test was stopped and the sample removed from the load frame to capture deformed 
images for ex situ DIC. The DIC strain measurements reported in this Chapter are for this 
deformed state for which, as will be shown later, no cracks were observed under an optical 
microscope. Loading was resumed with an additional 9,000 cycles (a total of 10,000 cycles, 
point marked ‘B’ in Fig. 7.2). Optical images at this deformed state revealed numerous micro-
cracks covering the entire gage area and therefore no additional loading cycles were applied 
except for a half tensile cycle to open the initiated micro-cracks for better visualization (point 
marked ‘C’ in Fig. 7.2). 
 
Fig. 7.2. The fatigue loading history and the number of cycles at which DIC measurements and 
crack observations were made. Reference images for DIC were captured prior to any imposed 
loading. After 1,000 fatigue cycles, the sample was unloaded and removed from the load frame to 
capture deformed images covering the entire gage area (state marked ‘A’). All DIC measurements 
are based on this set of images correlated to the reference images. No cracks were observed in 
‘A’. After 9,000 additional loading cycles, point ‘B’, fatigue cracks were observed. The half cycle 
leading to point ‘C’ was applied to open the micro-cracks for better visualization.  
 
7.2. DIC Strain Measurements 
Figure 7.3a shows an example of a selected region imaged before loading (reference 
images for DIC). The subset size used, also the smallest possible at the selected magnification 
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and speckle pattern quality, is shown with a red box in Fig. 7.3a. The same region but at 
deformed state ‘A’ (i.e., after 1,000 fatigue loading cycles) is shown in Fig. 7.3b. No visible 
cracks were observed at this state given the resolution of the optical system used and the length 
scale of interest in this work. The red arrows in Fig. 7.3b point to the regions for which cracks 
were observed at deformed state ‘B’ (i.e., after a total of 10,000 fatigue loading cycles) as 
shown in the optical microscope images in Fig. 3c. For better visualization of the initiated micro-
cracks, the sample was subjected to a half cycle (state ‘C’, tensile portion of a complete cycle 
only) to open the cracks, and images were taken in the SEM as shown in Fig. 7.3d. Through 
comparison of Figs. 7.3c and 7.3d, we note that the optical images (Fig. 7.3c) provide sufficient 
resolution to detect the micro-cracks that are clearly observed in the SEM (Fig. 7.3d). For 
additional clarity, the regions outlined in Figs 7.3a-7.3c are enlarged and shown in Fig. 7.4. 
Notice the similarity between the reference images shown in Fig. 7.4a and the deformed images 
shown in Fig. 7.4b and that no micro-cracks are visible. Cracking is clear at deformed state ‘B’ 
as shown in Fig. 7.4c. 
All the DIC deformation measurements are based on correlations between images which 
contain no cracks as the examples shown in Figs. 7.3a-b (i.e., between the undeformed state 
and the deformed state ‘A’ with no micro-cracks observed). Figures 7.5a-c show contour plots of 
the vertical residual strain field εyy (along the loading direction), the horizontal strain field εxx, and 
the shear strain field εxy over the entire gage area after 1,000 cycles of loading. εzz (residual 
plastic normal strain along the third direction ) and εpeff (estimate of the effective plastic strain) 
were also calculated using Eqs. (4.1) and (4.2), respectively. Contour plot of normal residual 
strain field (εzz) is shown in Fig. 7.5d. 
Figure 7.6 shows a contour plot of the effective plastic strain estimate (εpeff) with GBs 
overlaid. Heterogeneities in the plastic strain field are clearly observed with many regions 
showing localized and high strains (up to ~ 2%. Mean field average = 0.58%). Some of the 
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strain localizations are concentrated around GBs and others extend through multiple GBs. In the 
next Section, we study the correlation between the localization of plastic strains and crack 
formations which were observed later in the fatigue life of the sample (deformed state ‘B’ with 
10,000 loading cycles). 
 
Fig. 7.3. (a) An example of a selected region imaged before loading (reference images for DIC). 
The subset size used in this work, also the smallest possible at the selected magnification and 
speckle pattern quality, is shown with a red box in the top right corner of the figure. (b) The same 
region but at deformed state ‘A’ (i.e., after 1,000 fatigue loading cycles). No visible cracks were 
observed at this state. The red arrows point to the regions for which crack were detected at 
deformed state ‘B’ (i.e., after 10,000 fatigue loading cycles) as shown (c). For better visualization 
of the initiated micro-cracks, the sample was subjected to a half cycle (state ‘C’, tensile portion 
only) to open the cracks, and images were taken in the SEM as shown (d). 
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Fig. 7.3. (continued) 
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Fig. 7.4. (a) An enlarged view showing a portion of the images shown in Figs. 7.3a-7.3c (region 
outlined with a white and black rectangle). Notice the similarity between the reference images 
shown in (a) and the deformed images shown in (b) and that no micro-cracks are visible. Cracking 
is clear at deformed state ‘B’ as shown in (c). 
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Fig. 7.5. (a-d) Contour plot of the horizontal (εyy), shear (εxx), vertical (εxy), and normal (εzz) residual 
strain fields with overlaid grain boundaries. The reference and deformed images for DIC are a 
composite of 72 images at 25x magnification (ex-situ). The deformed images were taken after 
1,000 cycles and showed no evidence of micro-cracks.  
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Fig. 7.5. (continued) 
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Fig. 7.6. Contour plot of the effective plastic strain field (εpeff) across the entire gage area. 
Heterogeneities in the plastic strain field are clearly observed with many regions showing 
localized and high strains (up to ~ 2%. Mean field average = 0.58%). Some of the strain 
localizations are concentrated around GBs (examples are marked with blue and white arrows) and 
others extend through multiple GBs (examples are marked with black and white arrows). 
 
7.3. Fatigue Crack Formation and the Correlation with Prior Strain Localizations 
 As explained earlier (Fig. 7.2), all the DIC measurements were made using deformed 
images that showed no cracks in the optical microscope (State ‘A’). Crack formation was 
observed at deformed state ‘B’ after 9,000 additional loading cycles. At this stage it is unknown 
precisely when each micro-crack formed and how it evolved with cycles in the range between 
1,000 and 10,000 loading cycles. Determining such information would require removing the 
sample multiple times and would involve considerable amounts of ex situ microscopy. Therefore 
the exact determination of the number of cycles versus crack lengths is outside the scope of this 
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work. We focus here on the crack formation lengths, which include initiation and micro-crack 
propagation, and how they are influenced by the strain localizations which were established at 
an earlier deformed state. 
Figure 7.7 shows a stitched image of all the high magnification optical images at 
deformed state ‘C’ (72 images). The εpeff plastic strain field from Fig. 7.6 prior to crack formation 
is also overlaid on the optical images. Visually, we observe many micro-cracks distributed 
across the entire gage area. The cracks vary in length and no single crack seems to dominate 
the field. The strains overlay reveals a strong correlation between not only the locations of the 
observed cracks, but also the crack formation lengths and the high strain regions. To further 
elucidate this correlation, a specific region is enlarged and shown in Fig. 7.8. The localized 
strains in Fig. 7.8a clearly show examples of accumulation of strain on one side of the GB and 
strain bands extending across some interfaces. The length of the localized slip bands varies 
(see for example Ls1 and Ls2 in Fig. 7.8a) and correlates very well with the observed cracks 
shown for the same region in the SEM image in Fig. 7.8b (compare for example LC1 and LC2 in 
Fig. 7.8b to Ls1 and Ls2 in Fig. 7.8a). 
For a more quantitative assessment of the correlation between the fatigue crack 
formation lengths and the length of the localized slip bands (i.e., strain localization length), all 
the lengths of the strain localization regions and fatigue cracks were measured across the entire 
gage area. A histogram of the strain localization lengths (LS) at 1,000 loading cycles is shown in 
Fig. 7.9a. The corresponding histogram of the crack lengths at 10,000 loading cycles is shown 
in Fig. 7.9b (recall that these measurements were made 9,000 cycles after the strain 
measurements). The similarity between both histograms confirms the strong correlation 
between the localization of plastic strains and the fatigue crack formation lengths. The crack 
formation lengths were easily measured from the SEM images. We note that every crack type 
was measured and not every crack in the region. For example, in the region shown in Fig. 7.8b, 
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several parallel cracks similar to the marked crack LC1 exist. LC1 represents the length of the 
longest of these similar and parallel cracks. The strain localization lengths were based on the 
generally sharp gradients in strain magnitudes around the regions with strain localization (i.e., 
sharp drop/rise in strain magnitudes). Several examples displaying these sharp gradients 
through line scans are shown in Fig. 7.10. A clear cutoff strain magnitude to delineate the length 
of the localization region was not defined in this work. However, we note that the strain 
magnitudes in the localized regions, which were measured and plotted in Fig. 7.9a, represent 
approximately the top 30% of strain magnitudes in the entire gage area as shown in the strain 
histogram in Fig. 7.11. 
 
Fig. 7.7. Stitched image of the 72 individual deformed images at state ‘C’ (10,000+½ Cycles). 
Micro-cracks of varying lengths are distributed across the entire gage area. The εpeff plastic strain 
field from Fig. 7.6 prior to crack formation was also overlaid on the optical images. A strong 
correlation between strain localization and the locations and lengths of the observed cracks is 
clear from the figure. 
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Fig. 7.8. (a) Contour plot of the effective plastic strain field (εpeff) for a selected region showing 
examples of accumulation of strains on one side of the GB and strain bands extending across 
some interfaces. The length of the localized slip bands vary (see for example Ls1 and Ls2). (b) SEM 
image of the same region after crack formation. The lengths of the micros cracks (LC1 and LC2) 
correlate very well with the measured strain localization bands in (a).  
 
Fig. 7.9. (a) Histogram of the strain localization lengths (LS) across the entire gage area. (b) 
Histogram of the crack lengths which were measured 9,000 cycles after the strain measurements 
used to construct histogram in (a). The similarity between both histograms in (a) and (b) confirms 
the strong correlation between the localization of plastic strains and the fatigue crack formation 
lengths. 
104 
 
 
 
Fig. 7.10. The strain localization length measurements were based on the generally sharp 
gradients in strain magnitudes around the regions with strain localization. Several examples 
displaying these sharp gradients through line scans are shown in this figure. In all the contour 
plots (a), (c), and (e), a line scan across the region with localized strains is shown. The 
corresponding strain magnitudes are given in (b), (d), and (f), respectively. Notice a sharp 
increase in strain magnitudes while the region with localized strains is approached and a drop in 
strain magnitudes after crossing the region. These large gradients in strain magnitudes were 
visually used to measure the strain localization lengths (see also Fig. 7.11). 
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Fig. 7.11. Histogram of the effective plastic strain field (εpeff) in the entire region of interest. The 
wide range of strain magnitudes is indicative of the level of deformation heterogeneity developing 
at the microstructural level. The strain localization length measurements are made for bands with 
high strain magnitudes (~ top 30 % of εeff strain magnitudes). 
 
7.4. Influence of Grain Boundaries  
 In this section, the focus is on the difference in GB response in blocking (thus creating a 
pile-up) or transmitting slip, henceforward referred to as shielding and transmission respectively. 
The association between shielding and crack initiation at the slip-GB interaction region 
(intergranular cracking) has been well documented and discussed in the literature. Transmission 
represents another possible outcome of slip-GB interaction, where full or partial slip 
transmission across the interface takes place. In the case of partial transmission, the cross 
boundary reaction creates a residual dislocation (residual Burgers vector br) in the GB plane. 
Many factors contribute to specifying the final GB response (blocking, full or partial 
transmission) including the geometric relation between the slip planes across the GB (see 
schematic in Fig. 5.1), resolved shear stress (or Schmid factors), and more importantly the 
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magnitude of the residual Burgers vector (Lee, Robertson et al. 1989; Curtin 2011; Abuzaid, 
Sangid et al. 2012). Some of these factors are discussed below (through two specific examples) 
with focus on the correlation with fatigue crack formation lengths. 
 Figure 7.12a shows an example of high strain localization on one side of a specific GB. 
As low strains were measured across the interface, this case was associated with shielding in 
which the GB acted as a barrier stopping slip transmission. Crack formation for this case (Fig. 
7.12b) showed that micro-cracks were confined within the grain which exhibited pronounced slip 
activity (Fig. 7.12a) and did not extend across the shielding GB (i.e., no transgranular cracking). 
The exact initiation site is not obvious although the slip-GB interaction region is the most likely 
location. By determining the local slip system activity (i.e., the calculation of d  as described 
in detail in Section 4.4.2), we are able to shed light into possible slip-GB reactions for this 
specific case. Particularly, an estimate of the residual Burgers vector due to possible slip 
transmission can be established using the Burgers vector of the incident and transmitted slip 
systems across the GB (the details for calculating br were presented in Section 5.1). 
The magnitude of br has a major influence and in the case where its magnitude is high, 
slip transmission will not occur or will seize due to the accumulation of residual dislocations in 
the GB plane. For the grain with pronounced slip system activity in Fig. 7.12a, one of the 
activated slip systems is     1 111 101b , this system has the highest Schmid factor among the 
12 possible slip systems (fcc crystal structure). Across the interface, the two slip systems with 
the highest Schmid factors (0.38 and 0.34 respectively) are the   2 111 110b  and 
 3 111 101  b . Using Eq. (5.2), the possible |br| associated with activation of any of these 
systems through transmission of the incident slip (i.e.,     1 111 101b ) through the GB was 
found to be 0.7a (where a is the lattice spacing) as shown in the table at the bottom of Fig. 7.12. 
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This magnitude of br is rather high and can partially explain why transmission of slip has not 
occurred. Another contributing factor is the relatively low magnitudes of the Schmid factors for 
both of the slip systems considered in the grain across the GB. Also, and primarily for 
 3 111 101  b , the geometric relation between the incident and possible transmitted slip 
planes is unfavorable for slip transmission (visually observed through large misalignment of the 
incident, marked blue in Fig. 7.12b, and transmitted, marked red, slip planes). Nevertheless, 
and regardless of why shielding has occurred, the results shown in Fig. 7.12 show that this GB 
response (i.e., shielding) limits the strain accumulation and crack formation to only one side of 
the GB. In addition, the results serve to strengthen the observed correlation between strain 
localization and crack formation lengths. 
 
Fig. 7.12. (a) Contour plot of (εpeff) for a selected region showing an example of shielding at a GB 
(Mechanism I). (b) SEM image after crack formation. Notice the similarity between LC and LS. 
Micro-cracks were confined within the grain which exhibited pronounced slip activity, as shown in 
(a), and did not extend across the shielding GB. In the SEM image, b1 (blue trace) represents the 
activated slip system (i.e., incident slip). b2 (black trace) and b3 (red trace) are the traces of the two 
slip systems with the highest Schmid factors across the GB. The reactions associated with 
activation of any of these two systems through transmission from b1 are reported in (c). Notice the 
high magnitudes of br which may have contributed to fact that transmission did not occur. 
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 Figure 7.13 shows a different example where evidence of transmission was observed 
from the DIC strain measurements (notice high strains across multiple GBs in Fig. 7.13a). Crack 
formation for this case exhibited a relatively long crack through the transmitting GBs as shown 
in Fig. 7.13b. Similar to the shielding case shown in Fig. 7.12, the exact initiation site is not 
visible from the results but the correlation with strain accumulation across the interfaces and the 
transgranular crack is clear. Analysis of the local slip system activity and the slip transmission 
reactions for the three grains involved in localizing strains and crack formation are shown in Fig. 
7.14. Contour plots of the shear strains for the incident and transmitted slips across the GBs are 
shown in Fig. 7.14a (Recall that the calculation procedure was presented earlier in Section 
4.4.2). Traces of the activated slip planes are shown on the EBSD grain orientation map in Fig. 
14b and they match the experimentally observed slip traces in the vicinity of the GBs 
considered. Transmission through the GB to the right of the figure results in |br| = 0.5a while the 
transmission reaction for the GB to the left is accomplished with |br| = 0 (see table at the bottom 
of Fig. 7.14). Notice that the transmitted system through the first GB (i.e.,   2 111 110b ) acts 
as incident slip for the other GB to left of the figure. This sequence of slip transmission through 
multiple GBs leads to the formation of a grain cluster and a long band of strain localization. 
Compared to the shielding case presented in Fig. 7.12, this transmission example has lower 
magnitudes of br (0.5a and 0 for the transmission case compared to 0.7a and 0.7a for the 
shielding case) and higher Schmid factor magnitudes for all the slip systems involved. These 
two factors make slip transmission more favourable and their influence was indeed manifested 
in the observed response. We finally note that the strain localization length and the crack 
formation length for this case are relatively long and exceed the average grain diameter (~ 100 
µm compared to average grain diameter of ~ 24 µm). 
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Fig. 7.13. (a) Contour plot of the effective plastic strain field (εpeff) for a selected region showing an 
example of (Mechanism II). (b) SEM image of the same region after crack formation. 
 
 
Fig. 7.14. Contour plots of the shear strains for the incident and transmitted slips across the GBs 
shown in Fig. 13a. Traces of the activated slip planes are shown on the EBSD grain orientation 
map in (b). The slip transmission reactions are shown in (c). Notice that the transmitted system 
through the first GB acts as incident slip for the other GB to left of the figure. This sequence of 
slip transmission through multiple GBs leads to the formation of a grain cluster and a long band 
of strain localization. 
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7.5. Discussion of Chapter 7 
Although the correlation between strain localization and fatigue crack initiation is well 
known, a quantitative assessment of the locally heterogeneous material response prior to 
fatigue crack initiation and an association with fatigue crack formation lengths was lacking. The 
results presented in Figs. 7.7-7.9 provide clear evidence of the connection between regions with 
high magnitudes of plastic strains (~ top 30 % of the εpeff strain magnitudes as shown in Fig. 
7.11) early during loading, and each of the fatigue cracks which were observed later in the life of 
the sample. These results are important since they can help crack initiation models introduce a 
length scale (i.e., crack length) to their analysis that is neither arbitrary nor based on 
experimental observations, but is rather based on local plastic strain accumulation prior to crack 
nucleation. Also, the results can help remove some of the ambiguity regarding when to make 
the transition between models based on initiation to the well-developed fatigue crack growth 
models. 
In the analysis presented in Section 7.4 of this thesis, the role of GBs in blocking slip 
(Shielding as shown in Fig. 7.12) and allowing slip transmission (Transmission as shown in Fig. 
7.13) along with the impact on fatigue crack formation were considered. On the one hand, the 
smaller crack lengths measured in the fatigued sample were confined in single grains 
surrounded by shielding GBs. On the other hand, transmitting GBs resulted in relatively longer 
cracks (see Fig. 7.13). These experimental observations lead to the conclusion that 
transmission can be more detrimental to the fatigue life due to the longer fatigue cracks that 
form transgranularly. Although shielding, which results in the creation of a pile-up and stress 
concentration, may lead to crack initiation earlier compared to transmitting GBs, the associated 
cracks were found to be shorter in length. Another important implication of this observation is 
that the consideration of a single fatigue initiation parameter (e.g., εpeff  as considered in this 
thesis) can only point to a critical location where cracks may initiate first, but does not 
111 
 
necessarily capture the most detrimental feature (e.g., grain cluster with GBs allowing slip 
transmission) for the fatigue life. For example, a shielding GB may result in the highest 
magnitude of plastic strains, and thus initiate cracks within a single grain, leading to its selection 
as the critical location controlling the fatigue life. Based on the observations made in this work, 
these cracks may be confined to a single grain and do not represent the most critical case. A 
group of grains with transmitting GBs and lower magnitudes of the strain can lead to the 
formation of a much longer crack.  Therefore, a better assessment of the critical conditions for 
fatigue crack formation requires not only knowledge of the local strain magnitudes, but also an 
evaluation of the role of GBs in blocking or transmitting slip.  
The importance of deformation mechanisms (i.e., shielding and transmission) in the 
vicinity of GBs in predicting crack nucleation has been also emphasized by other researchers 
(Ma, Roters et al. 2006; Bieler, Eisenlohr et al. 2009; Roters, Eisenlohr et al. 2009). However, 
similar and related concepts/interpretations to slip blockage and transmission also exist in the 
literature. Kim and Laird, showed through slip trace analysis that slip directed towards the GB 
over a long slip distance is necessary to form GB steps and induces cracks (1978). We note 
that such an outcome (GB steps) can be observed in either the blocking or transmitting (Lee, 
Robertson et al. 1990) GBs . Davidson et al. (2007) explained crack initiation using the concepts 
of grain clusters (i.e., group of grains connected by low angle grain boundaries allowing slip 
transmission). In their interpretation, slip transmission mainly results in the group of grains 
acting as one larger grain (supergrain). The increase in the effective grain size explains the 
tendency for nucleating cracks based on experimental observations of fatigue cracks being 
found in larger grains. The results presented in this work supports the idea of the formation of 
grain clusters (considering slip transmission), but the correlation we make with fatigue cracks is 
through the accumulation of high magnitudes of plastic strains. Zhang and Wang (2003) have 
associated crack initiation site with the missorientation of grains across GBs. In the case of high 
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angle grain boundaries, cracks initiate at the GBs while in the case of low angle grain 
boundaries, which allow easy transmission of slip, cracks initiate along PSBs similar to fatigue 
cracks in single crystals. These observations strongly relate to the concepts of shielding and slip 
transmission as discussed in this Chapter. However, we emphasize that although the 
missorientation between grains influences the GB resistance to slip transmission, it does not 
represent by itself a sufficient condition describing whether transmission may or may not occur. 
Additional factors, primarily the residual Burgers vector and resolved shear stresses on slip 
planes, are required for a better description/prediction of the GB response. For example, a twin 
boundary, which is a high angle GB, can represent a strong barrier for dislocation motion 
(shielding) or it can allow easy transmission across the GB by cross-slip (Abuzaid, Sangid et al. 
2012). The difference in response depends on many factors (e.g., residual Burgers vector and 
Schmid factor) besides the missorientation angle. In conclusion, this work emphasizes that by 
capturing the correct GB response, the localization of plastic strains at the surface can be 
predicted. With an accurate assessment of strain localization prior to crack formation, the 
locations of potential fatigue cracks and their severity can be predicted.  
It should be pointed out however that the prediction of fatigue crack lengths based on 
localized plasticity might be influenced by different loading conditions resulting in dissimilar 
magnitudes of local plastic strains (e.g., high cycle versus low cycle fatigue results in different 
magnitudes of localized strains). If relatively large magnitudes of plastic strains localize through 
multiple GBs, then fatigue cracks will follow with formation lengths comparable to the length of 
regions with high strains. This could be different in the case of high cycle fatigue where localized 
plastic strains may be confined to a fewer number of grains, or even a single grain. These 
localized strains will be associated with initiation of cracks but the growth of fatigue cracks to 
lengths equivalent to the measured cracks in this thesis may be better described and predicted 
based on other considerations. Some works have addressed this issue using small crack 
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propagation analysis at the microstructural level (e.g., (Bennett and McDowell 2003; Gao, 
Stolken et al. 2007)). This issue requires further investigation and additional experimental work 
to help focus on the difference between cases with lower strain magnitudes compared to what 
was done in this effort. 
A limitation worth pointing out regarding the results presented here is that the exact 
initiation sites were not determined (i.e., nucleation at the atomic level). Our analyses focused 
on crack formation which, as explained earlier, includes initiation and micro-crack propagation. 
Nevertheless, potential candidate sites for initiation can be deduced through some of the 
analysis made in Section 7.4.  For shielding, Initiation sites from slip-GB interaction regions are 
well documented (e.g., (Liu, Bayerlein et al. 1992)) and can be delineated in the experimental 
results presented in this manuscript. For transmission, shielding at the end of the slip band 
which has transmitted through multiple GBs can act as an initiation site. Another candidate is 
based on the magnitude of the residual Burgers vector following slip transmission. For example, 
in the transmitting GBs shown in Fig. 7.14, one of the reactions results in a higher magnitude of 
br (0.5a compared to 0). The accumulation of residual dislocations in the GB plane can be 
envisioned as an initiation site. Experimental observations of fatigue cracks initiating in the 
vicinity of GBs following partial slip transmission and dislocation accumulation in the GB plane 
has also been reported by other researchers (see for example (Zhang and Wang 2003) ).  
The experimental results from high resolution DIC, EBSD, and SEM analysis were 
utilized to shed light into the correlation between plastic strain localization, at the microstructural 
level, and fatigue crack formation. The results unambiguously point out to where fatigue cracks 
form but do not address the equally important question as to when (exact number of cycles) 
initiation takes place. In situ experimental work where deformation is monitored real time, as 
opposed to ex situ (after deformation), will be required to address this point. Work in this area is 
much more limited compared to ex situ studies due to numerous challenges associated with 
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such endeavors (e.g., (Bartali, Aubin et al. 2009; Niendorf, Dadda et al. 2009)). For example 
and particularly for DIC measurements, an in situ imaging setup allows capturing deformation 
images at a much lower magnification compared to an ex situ setup. The consequence is that in 
situ strain measurements are at a lower resolution and cannot in general be related to 
microstructural features (e.g., grain boundaries). Resolving the issues associated with in situ 
strain measurements to enable real time deformation measurements and fatigue cracks 
observations will provide a better and a comprehensive assessment of strain localization 
leading to fatigue crack initiation. 
7.6. Summary of Chapter 7 
The experimental results and analysis in this chapter supports the following conclusions: 
1- The localization of plastic strains at the microstructural level prior to fatigue crack 
formation determines the location and length of micro-cracks which form later in the 
fatigue life. 
2-  The deformation mechanisms (i.e., shielding and transmission) in the vicinity of GBs 
influence strain localization in the vicinity of GBs and thus affect fatigue crack formation. 
3- A better assessment of the critical conditions for fatigue crack formation requires not 
only knowledge of the local strain magnitudes, but also an evaluation of the role of GBs 
in blocking or transmitting slip.  
4- For the same number of cycles, the transmission of slip across grain boundaries resulted 
in longer transgranular cracks compared to cracks near grains surrounded by blocking 
grain boundaries which were shorter cracks and confined within single grains. 
In summary, this work suggests that the locations of potential fatigue cracks and their 
severity can be predicted with an accurate assessment of strain localization prior to crack 
formation which should also take into account the deformation mechanisms in the vicinity of 
GBs. 
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Chapter 8: Fatigue Life Scatter 
Heterogeneous plastic flow and strain accumulation at the microstructural level are 
precursors to fatigue crack initiation (Finney and Laird 1975; Cheng and Laird 1981; Laird, 
Finney et al. 1981; Mughrabi, Wang et al. 1983). In the absence of material defects such as 
pores or inclusions, the microstructure of the material, i.e., grain size, orientation, and grain 
boundary character, plays an important role in introducing deformation heterogeneities in the 
material response (Kwai S 2009). Variability in the material at the microstructural level, and 
consequently in the local deformation response, has been known to contribute to the excessive 
scatter in the fatigue lives of polycrystalline metals. In this Chapter, the aim is to explore the 
scatter in fatigue life for Hastelloy X, through experiments and simulations. Experiments are 
conducted on Hastelloy X under fatigue conditions and observations of fatigue damage are 
reported. Also, fatigue life simulations were conducted by Dr. Alpay Oral utilizing a recent 
fatigue model by (Sangid, Maier et al. 2011; Sangid, Maier et al. 2011) which considers 
persistent slip band (PSB) – GB interaction. The collaborative effort enabled a critical evaluation 
of some aspects of the modeling approach, particularly the formation of grain clusters and their 
influence on fatigue life. Also the role of special GBs, mainly annealing twin boundaries (Σ3 
GBs), was also evaluated.  
8.1. Experimental Procedure 
Dog bone specimens were electro-discharge machined from a 3.2 mm thick sheet in the 
as received condition. The sample gage section was 2.0 mm x 2.0 mm. Using a servohydraulic 
load frame, specimens were fatigue loaded to failure in strain control at a rate of 0.4 Hz and a 
loading ratio, R (minimum to maximum strain ratio) of zero. Two strain ranges were tested, 0.8 
% (4 samples) and 1% (4 samples). These experimental results were collected to establish the 
scatter in fatigue life for later comparison with life from simulations obtained using the fatigue 
model.  
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8.2. Fatigue Model 
 The fatigue model described briefly in this section, and in detail in (Sangid, Maier et al. 
2011; Sangid, Maier et al. 2011; Sangid, Maier et al. 2011), predicts fatigue crack initiation 
based on PSB-GB interaction. In the formulation of the model, the energy of a PSB interacting 
with a GB is described and its stability is used as a criterion for fatigue crack initiation. The 
energy expression of a PSB evolves with the number of loading cycles and includes both 
continuum and atomistic terms as shown in the following expression: 
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                        (8.1) 
where σ is the applied stress, m is the Schmid factor of the grain containing the PSB, L is the 
grain size (also assumed to be the length of the PSB), N is the number of cycles, ρ is the 
dislocation density within the PSB, h is the width of the PSB, d is the mean dislocation spacing 
within the PSB, Σ is the character of GB in the CSL notation, and L’ is the grain size of 
neighboring grain. The first three terms in Eq. (8.1) are based on continuum mechanics 
concepts for modeling dislocations. These terms represent the energy of the stress field due to 
the applied forces ( appE ), the work hardening energy of the material ( hardE ), and the energy of 
the stress field due to the dislocation pile-ups at the PSB ( pile upE ). The PSB structure consists 
of a number of dislocation layers (i.e., planes at which dislocations glide), and each plane within 
the PSB has individual contribution to the continuum terms. Energy from these terms represents 
an internal barrier which should be overcome by dislocations in order to deform the material 
plastically. The remainder of the terms in Eq. (8.1) are computed from atomistic simulations and 
represent the energy to nucleate a dislocation from the GB ( nucleationE ), the energy associated 
with PSB-GB interaction resulting in dislocation pile-ups and steps/ledges at the GB ( interactionE ), 
and the energy for the formation of the PSB by shearing the lattice ( latticeshearingE ). GBs act as 
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sources of dislocations which are agglomerated in the PSB, and they act as barriers for slip 
transmission. Each GB has a different energy barrier for dislocation nucleation and dislocation 
penetration depending on its character. These atomistic energies are incorporated into the 
evaluation of nucleationE  and interactionE . The dislocation must overcome an energy which can be 
associated with destroying the lattice stacking sequence in the matrix to form slip bands by 
cutting the matrix. This energy corresponds to the stacking fault energy which is incorporated 
into the evaluation of latticeshearingE . Writing the energy expression as shown in Eq. (8.1) allows the 
consideration of the main microstructural features that influence fatigue crack initiation. For 
example the Schmid factor, which is related to crystal orientation and loading direction, and 
grain size are included in the continuum terms of Eq. (8.1). By incorporating the atomistic terms, 
the differences in response between the various types of GBs (different CSL) are also 
accounted for. This is important if we want to accurately capture and explain some of the 
previous experimental results on certain types of GBs, particularly Σ3 twin boundaries, which 
have been reported as preferred sites for fatigue crack initiation (Boettner, McEvily et al. 1964; 
Heinz and Neumann 1990; Llanes and Laird 1992; Miao, Pollock et al. 2009). 
The criterion for when fatigue crack initiation occurs is based on the stability of the PSB. 
Each of the energy expressions in Eq. (8.1) can be expressed in terms of the slip increment (
 iX ), which is defined schematically in the inset drawing of Fig. 8.1. To check for the stability of 
the PSB, the derivatives of the PSB energy terms with respect to the slip increment are 
computed. As loading progresses, the calculated derivatives will evolve with the number of 
loading cycles as illustrated in Fig. 8.1 for one of the Hastelloy X simulations conducted in this 
study. The colored lines represent the evolution of each of the individual energy terms in Eq. 
(8.1) and the black line corresponds to the total energy which is calculated by adding the 
contributions from all of the individual components (i.e., from the colored lines). Eventually, 
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initiation is predicted once the magnitude of the total energy derivative reaches zero in addition 
to the second derivative being positive in order to insure that the energy corresponds to a local 
and stable minimum, expressed by,  
0  i
E
X
.                         (8.2) 
 
Fig. 8.1. The evolution of the individual (colored lines) and total (black line) energy rate terms 
shown in Eq. (8.1) with increasing loading cycles. Each term is expressed as the energy derivative 
with respect to the slip increment,  iX ( iX  shown in the inset figure). Initiation is predicted once 
the total energy reaches a stable minimum (i.e., its derivative is zero) in addition to the second 
derivative being positive.(marked with an arrow in the figure) 
 
 The methodology described above for predicting crack initiation based on PSB-GB 
interaction is also applicable to polycrystals. In this case, the energy equation is evaluated for 
each grain in the aggregate or for each grain cluster, i.e., group of grains connected with low 
angle GBs (LAGBs). LAGBs allow PSBs to traverse the GB (i.e., slip transmission), thus 
increasing the length of the PSB and consequently influencing the energy terms in Eq. (8.1). 
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Based on this condition for slip transmission (i.e., slip passing through a LAGB), EBSD 
measurements of grain orientations can be easily used to construct the grain clusters as 
detailed in Appendix D in (Sangid, Maier et al. 2011). It should be pointed out, however, that 
other types of GBs (e.g., Σ3 GBs) can under certain conditions (e.g., high resolved shear stress 
and low residual dislocation as discussed in (Lee, Robertson et al. 1989)) allow slip to penetrate 
through the interface and potentially result in the creation of a grain cluster. In our application of 
the model, we do not account for this and the grain clusters are strictly defined using the 
concept of LAGBs. Once the grain clusters are defined based of EBSD measurements, the 
number of cycles to crack initiation for each grain or grain cluster is evaluated in the model, and 
the minimum calculated number of cycles is considered as a limiting case that determines the 
life of the aggregate.  
The calculated life for a polycrystalline aggregate pertains to that particular 
microstructure, i.e., the spatial distribution of grain size, orientation, and GB character that is 
established from EBSD. By spatially varying the microstructure through simulations and 
reevaluating the life for each of the simulated microstructures, the scatter in fatigue life can be 
predicted (here we strictly refer to the scatter introduced by the microstructure). In our 
application of this model, each of the simulated microstructures is derived from the same 
experimental EBSD measurements of Hastelloy X, but with the grains spatially rearranged. 
Using the EBSD data (~ 2,700 grains in this study), the distribution of grain size, Schmid factor 
(which relates to grain orientations), number of neighboring grains (each grain is surrounded by 
a different number of grains), and the GB character (CSL Σ value) are established. These 
distributions are used to help generate simulated microstructures that are statistically equivalent 
to the EBSD measurements. Each simulated microstructure consists of a certain number of 
grains (i.e., a subset of the EBSD data, 350 grains in this study). For each grain, the grain size, 
Schmid factor, and number of neighboring grains are assigned and the information of the 
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neighboring grains is selected from the measured distributions until the required number of 
grains is reached in the simulated aggregate (350 grains). This process of creating a simulated 
microstructure is repeated to generate a large number of aggregates (300 in this study) which 
we evaluate the life for each.  
8.3. Experimental Observation of Grain Clusters 
 The high resolution experimental observation shown in Figs. 4.8, 6.2, and 7.5 show 
evidence of shielding and transmission across GBs, thus creating grain clusters. Relating these 
two examples to the fatigue model used in this study, we note that the blockage case (e.g., Fig. 
7.12) can be a result of slip interacting with a GB and creating a pile-up as considered in the 
fatigue model. The transmission case (e.g., Fig. 7.13) indicates slip transmission across the GB 
and is consistent with the concept of grain clusters in which a PSB can form over multiple grains 
by transmitting through some GBs. In the results presented in Chapter 7, the formation of grain 
clusters through slip transmission has been also demonstrated for fatigue loading conditions 
(see Fig. 7.13). In addition, a clear association between the length of the slip bands (regions 
with localized and high magnitudes of plastic strains) and length of fatigue cracks has been 
established. The experimental observation referred to in this Section support the modeling 
approach through: 
1- Experimental observations of the formation of grain clusters and evidence of their 
importance in nucleating cracks. 
2- Crack formation along slip bands extending along multiple GBs which allow slip 
transmission (i.e., cracks along PSB length). 
8.4. Experimental Assessment of Scatter in Fatigue Life 
Figure 8.2 shows stress-strain curves for selected cycles of one of the Hastelloy X 
samples loaded in fatigue (∆ε = 1%, R = 0). We observe material hardening in the initial (about 
100) cycles, i.e., the increase in the stress range seen in Fig. 8.2, and more clearly in Fig. 8.3, 
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for cycles 1-100, followed by softening until failure. The rate of softening was linear up to the 
point where a major crack developed in the sample resulting in a sharper and more pronounced 
stress drop with additional loading cycles. The fatigue lives that we report in this study represent 
the number of cycles at which this transition was observed, although all samples were fatigue 
loaded to complete failure (see Fig. 8.3 for a pictorial illustration of this definition of “fatigue life”). 
SEM analysis of the failed samples revealed numerous micro cracks on the sample’s surface 
(across the entire gage section) in addition to the main crack causing failure (a representative 
case for one of the tested samples is shown in Fig. 8.4a). These micro cracks clearly initiate in 
the vicinity of GBs, i.e., along slip bands and around slip band-GB interaction regions.  
 Two different strain ranges were tested in the current work, 0.8 % and 1.0 %. The fatigue 
lives for the 0.8 % strain amplitude ranged from 8,200 to 14,000 cycles and for the 1.0 % strain 
amplitude between 3,200 and 8,000 cycles. The experimental results along with life from 
simulations are presented in Section 8.4.  
 
Fig 8.2. Stress-strain response for selected cycles. Initial hardening is observed followed by 
softening. Colors indicated particular cycle numbers. 
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Fig. 8.3. Stress range versus fatigue cycle number (for the same sample as shown in Fig. 8.2). 
Initial hardening is observed followed by a linear softening. Once a major macro-crack has 
developed, accelerated drop in stress range is seen with additional loading cycles. The life of the 
sample was assumed to correspond to this transition point as marked in the figure. 
 
 
 
Fig. 8.4. (a) SEM micrograph of the sample shown in Figs. 8.2 - 8.3 after failure. Both the sample’s 
surface and the fracture surface are shown. (b) Higher magnification image of the region marked 
in (a) with a rectangle.  
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8.5. Life Predictions from Simulations 
 Based on the microstructure characterized using EBSD, we evaluate the number of 
cycles to nucleate a crack (GB life) for each grain cluster using the fatigue model described in 
Section 8.2. A selected region of the entire EBSD scan is shown in Fig. 8.5a. The predicted GB 
life (NGB) is plotted spatially for this region in Fig. 8.5b. Different GB colors indicate different life 
ranges which are defined in the legend of this figure. The GBs colored with red correspond to 
lives less than 15,000 cycles, blue GBs represent lives between 15,000 and 50,000 cycles and 
finally the black boundaries (majority of boundaries) have lives exceeding 50,000. Many of the 
red marked GBs (life < 15,000) are Σ3 twin boundaries, which is consistent with experimental 
observations of their tendency to nucleate fatigue cracks. We emphasize that short lives are not 
predicted for all of the Σ3 GBs. Depending on the energy terms described in Eq. (8.1), each 
particular Σ3 GB, and each GB in general, will have a different predicted life. Consequently, the 
model does not predict the same life for all of the Σ3 GBs and therefore the CSL character does 
not by itself point out to the crack initiation sites. In fact some of the Σ3 GBs with long predicted 
lives are delineated in Fig. 8.5b with black lines. 
Figure 8.5b displays the number of cycles to reach a critical state of initiation for each 
GB. The GB with minimum number of cycles to initiation dictates the life of the aggregate (from 
the simulation). This life corresponds to a PSB reaching a stable minimum energy configuration 
and resulting in crack initiation at the PSB-GB intersection region (due to the formation of 
steps/ledges). The crack length is not defined in the model formulation although one may expect 
that following initiation at the PSB-GB interaction region, the crack will grow to the PSB length 
(cluster length) within a relatively short number of cycles (Fig. 2.1a shows evidence of crack 
initiation in slip-GB interaction region that extends along the slip trace). In this work, we 
compare the life from simulations with experimental life results, which, recall, as defined in 
Section 8.4 is not the life to complete failure. Since a crack length is not defined in both cases, 
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some deviation between the lives established experimentally and through simulation is likely. 
Nevertheless, we expect that the difference between the number of cycles to generate a crack 
length on the order of the cluster size (multiple grains) to be close to the life as defined in our 
experiments.  
 
Fig. 8.5. (a) Grain orientation map of a selected region. This information is utilized by the fatigue 
model to predict the number of cycles for crack initiation (GB life) as shown in (b) for 1 % applied 
strain range. Many of the red marked GBs (life < 15,000) are Σ3 twin boundaries but a short life is 
not predicted for all the Σ3 GBs in the simulation. 
 
The microstructure characterized using EBSD is then varied to create simulated 
microstructures (see Section 8.2). By reevaluating the life for each of the simulated aggregates, 
we predict a scatter in fatigue life. The number of cycles for fatigue crack initiation, as predicted 
from the model (red diamonds), and the experimental life data (black triangles) for different 
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strain ranges are plotted together in Fig. 8.6. The simulations are established from 300 different 
simulated aggregates at three different strain ranges; 1.2, 1.0 and 0.8 % applied strains. The 
experimental results are given for 1.0 and 0.8 % applied strain ranges. Experiments at 1.2 % 
were not possible with the sample dimensions used in this study. The 1.2% simulations are 
included to show the prediction capability of the model outside the range tested. The modeling 
approach yields good predictions of the experimental scatter in fatigue life (about 85 % of the 
simulated life predictions are within the range of the set of experimental values). 
 
Fig. 8.6. The number of cycles for fatigue crack initiation, as predicted from the model (red 
diamonds), and experimental life data (black triangles) for different strain ranges. The simulations 
are established from 300 different simulated microstructures. The inset to the left shows a grain 
cluster with a low number of cycles to crack initiation. This grain cluster is comprised of a large 
grain surrounded by smaller grains, and its grain boundary characteristics are mainly Σ3 twins. 
The grain cluster shown in the inset to the right has equiaxed grains, with no Σ3 twin boundaries 
and exhibits a longer predicted life. 
 
  The scatter in life from simulations is introduced by variations in the simulated 
microstructures (i.e., difference in grain size, grain boundary character, grain boundary neighbor 
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information, Schmid factor, etc.). The critical grain clusters which exhibit the minimum life can 
be in the form of a single grain or a group of grains that are connected with slip transmission 
permitted at low angle grain boundaries. Slip transmission through multiple GBs increases the 
cluster size and continues until slip is impeded, thus creating a pile-up, by a blocking high angle 
GB.   Therefore, critical grain clusters are typically surrounded by high angle grain boundaries 
(e.g., Σ3) where blockage occurs. The implication of the increase in cluster size as stated earlier 
is that it increases the length of the PSB and consequently, the energy terms in Eq. (8.1). The 
shaded grain clusters shown in the insets of Fig. 8.6 show the extreme cases where crack 
initiation is predicted. The grain cluster on the left with lower cycles to crack initiation 
corresponds to a large grain surrounded by smaller grains, and its grain boundary 
characteristics are mainly Σ3 twin boundaries which exhibit the highest energy barrier for slip 
transmission. The grain cluster on the right with higher cycles to crack initiation is surrounded by 
almost equiaxed grains, and with no Σ3 twin boundaries.  
8.6. Discussion of Chapter 8 
Consideration of the microstructural features that induce local inhomogeneity in the 
material response, and thus create conditions which facilitate the nucleation of fatigue cracks, is 
vital for the development and refinement of crack initiation models. In the current work, we 
utilize EBSD to describe the microstructure of polycrystalline Hastelloy X, i.e., GB types and 
grain sizes, and use that information in a fatigue crack initiation model. We also use EBSD data 
to enable high resolution experimental measurements in relation to the microstructure (Chapters 
4, 6, and 7). In the model, the energy of PSBs interacting with GBs was considered and in 
experiments, the strain in GB regions and the formation of grain clusters were observed. We 
believe that analysis at the scales considered here, experimentally and through simulation, can 
give us new insights into the early stages of fatigue crack initiation and help refine model 
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predictions. For example, by consideration of EBSD, the model selects the most favorable 
conditions for crack nucleation from a cluster of grains.  
The model prediction for the scatter in life is in good agreement with the experimental 
results plotted in Fig. 8.6. Despite the fact that simulation results show a higher limit for life 
compared to that captured by experiments – about 85 % of the simulated results are within the 
range of the experimental values. The difference between the number of simulations (300) and 
the actual experimental results (4) for each strain range can explain this deviation of the higher 
life limit. It is expected that if more specimens are tested, more scatter in life will be observed 
with samples possibly exhibiting longer lives that are closer to the higher life limit in the 
simulation results. An additional cause for the deviation comes from the fact that the life as 
established from experiments does not correspond exactly to the crack initiation life. A crack 
growth portion must be present and is not accounted for in the procedure for determining the life 
as shown in Fig. 8.3.  The contribution to life from crack growth, compared to initiation, is 
obviously dependent on the loading conditions (i.e., more important in high cycle fatigue 
compared to low cycle fatigue). Nevertheless, being able to remove (subtract) the crack growth 
portion from the established life will enable a more reliable comparison with model predictions 
and will also help evaluate the accuracy of the current approach for determining life 
experimentally. High resolution in situ experiments, or interrupted ex situ experiments, will be 
required to address this issue. Such an effort will be pursued in future efforts where we will also 
monitor strain evolution locally prior to crack initiation. 
The predicted grain boundary life plots shown in Fig. 8.6b can be useful in the 
visualization of the critical location for crack initiation. It is observed that Σ3 twin boundaries are 
the favorable fatigue crack initiation sites with lower cycles to crack initiation particularly less 
than 15,000 cycles. This result is arrived at through consideration of the PSB-GB interaction 
model and is consistent with various supporting experimental results, e.g., Heinz and Neumann 
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(Heinz and Neumann 1990), Miao et al. (Miao, Pollock et al. 2009), and Boettner et al. 
(Boettner, McEvily et al. 1964), regarding the tendency of Σ3 twin boundaries to nucleate 
cracks. We emphasize that not all twin boundaries in the simulation exhibit the same life and we 
are able to isolate the specific ones in which the energy terms, considered in the model, lead to 
the relatively shorter life compared to other twin boundaries present in the microstructure. 
In this study, fatigue crack initiation is correlated with the size of the critical grain cluster 
exhibiting the lowest number of cycles to crack initiation. The critical grain cluster size, Lcs is not 
predefined – it is an outcome of the fatigue model depending on the simulated microstructure 
and the magnitude of loading. A grain cluster can be either a single grain, or a number of grains 
connected with low angle GBs allowing slip transmission. With crystal orientation 
measurements, low angle GBs can be selected and used with in the fatigue model to establish 
the critical cluster size which results in crack initiation. It should be pointed out, however, that 
the condition of LAGBs leading to slip transmission does not consider the other types of GBs 
(e.g., Σ3) which may alloy slip transmission in some cases. An improved definition of a grain 
cluster, that considers not only the well-known condition of LAGB but also accounts for the other 
contributing factors (e.g., residual Burgers vector br) that control the transmission of slip through 
interfaces should be evaluated.  
Despite the advantages of DIC and EBSD as employed in this work, the measurements 
are restricted to the surface of the sample. No direct insight into the thickness direction is 
possible, as in any two-dimensional, surface measurement technique. The impact of this 
limitation in fatigue is expected to be minor considering the vast experimental evidence of 
fatigue cracks initiating at the surface. Also, and related to the DIC measurements, the strains 
normal to the surface of the specimen (i.e., εzz in the z direction) were not directly measured 
although they can be estimated by assuming plastic incompressibility (see (Abuzaid, Sangid et 
al. 2012) for example). One can argue that this component is important as it may relate to the 
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formation of extrusion/intrusions on the sample’s surface. Atomic force microscopy (AFM) has 
been typically used to measure the height profile of such features in fatigue (Cretegny and 
Saxena 2001; Polak 2003; Polak, Man et al. 2003; Risbet, Feaugas et al. 2003). Incorporation 
of both measurement techniques (surface strains from DIC and AFM measurements of 
extrusions) can be particularly useful. For example, the correlation between the well know 
damage initiation sites in fatigue (i.e., extrusions) and surface strain measurements using DIC 
can provide quantitative insight into the critical conditions (i.e., local strain magnitudes and 
extrusion height) resulting in the formation of cracks. These aspects should be the subject of 
future investigations. 
8.7. Summary of Chapter 8 
In this final part of the work, a recently developed crack initiation fatigue model and novel 
high resolution experimental measurements at the grain level were used to investigate the 
scatter in fatigue life for the nickel-based superalloy, Hastelloy X. The major contributions and 
outcomes of this study are summarized as follows: 
1- The work provided experimental evidence of strain accumulation at grain boundaries in 
Hastelloy X. High strains across GBs were associated with slip transmission (which 
leads to the formation of grain clusters), and the formation of pile-ups impinging on GBs 
was correlated with cases were high strains were observed on one side of the interface 
only. 
2- The fatigue model used (Sangid, Maier et al. 2011; Sangid, Maier et al. 2011; Sangid, 
Maier et al. 2011) can predict the experimentally observed scatter in fatigue life relying 
only on the microstructural variations established through simulated microstructures 
(based on EBSD measurements but with grains rearranged spatially). 
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Chapter 9: Conclusions and Future Work 
In this study, the localization of strains at the microstructural level was investigated for 
the plastically deforming polycrystalline superalloy, Hastelloy X. The high resolution 
experimental measurements were utilized to study slip blockage and slip transmission, both of 
which represent a possible outcome of dislocation-grain boundary interaction. Particular focus 
was on the difference in plastic strain magnitudes in the vicinity of shielding and transmitting 
grain boundaries. The importance of the residual Burgers vector in determining the final 
outcome of dislocation-grain boundary interaction and in influencing the magnitude of strains 
across different interfaces was mainly investigated in this work. We have also extended the 
analysis to shed further quantitative insight into fatigue crack formation. The correlation between 
the locations and lengths of fatigue cracks and strain localization in the vicinity of shielding and 
transmitting grain boundaries was addressed.   
In this Chapter, we summarize and emphasize the main conclusions of this work which 
were also addressed, with additional details, in the discussion and summary sections of each of 
each of the previous Chapters in this thesis. In the last part of this section, we provide 
suggestions for future work. 
9.1. Conclusions 
In Chapter 4, high resolution strain measurements (DIC) in conjunction with 
crystallographic orientations (EBSD) were simultaneously utilized to examine the localization of 
plastic strains in relation to the microstructure. The full field strain measurements show a high 
level of heterogeneity in the plastic response with a wide range of strain magnitudes in the 
vicinity of grain boundaries. We therefore emphasize that not all GB regions (i.e., mantles) are 
in an advanced stage of hardening as we usually expect. The strain magnitudes across 
interfaces were also used as an indicator for GB shielding or slip transmission. In the case of 
shielding, high strains were measured on only one side of the interface and in the case of 
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transmission, high strains were measured across the GB. Another important utilization of the 
DIC-EBSD measurement technique is the determination of the local slip system activity, 
quantitatively, across a substantial region of interest including hundreds of grains.  
In Chapter 5, the high resolution experimental results presented in Chapter 4 were used 
to study the relation between the magnitude of the residual Burgers vector due to slip 
transmission, |࢈࢘|, and the magnitudes of strain across GBs. The determination of the local slip 
system activity across the entire region (Chapter 4) was important to establish estimates of br 
based on the slip directions of the incoming and outgoing active slip systems across each GB. 
The higher strains across certain boundaries, at low |࢈࢘|, were attributed to lower GB resistance 
against slip transmission, while lower strains across GBs, at high |࢈࢘|, were attributed to higher 
GB resistance against slip transmission. This result confirmed the importance of the residual 
Burgers vector in slip transmission and also indicated that it is essential for describing the local 
strain magnitudes in the vicinity of GBs for a polycrystalline aggregate.  
In Chapter 6, high resolution ex situ digital image correlation (DIC) was used to measure 
the evolution of plastic strains in samples subjected to incremental monotonic loading and 
fatigue. The results indicate that strain accumulates in relatively the same regions while other 
regions experience relatively insignificant accumulation of plastic strains. The consequence is 
an evolution in the level of deformation heterogeneity with an increased level of plasticity. We 
have also shown that this accumulation of strains in the same regions is accomplished through 
the continuous activation of the same slip systems. The same observations were also clear in 
the fatigue loading case. Local ratcheting at the crystal level was observed with relatively 
constant nominal average strain. 
In Chapter 7, we addressed fatigue crack formation, particularly the correlation between 
strain localization (prior to crack formation) and locations and the lengths of fatigue cracks. The 
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DIC strain measurements and the observations of fatigue cracks provided clear evidence of the 
connection between regions with high magnitudes of plastic strains and each of the fatigue 
cracks which were observed later in the life of the sample. We have also investigated the role of 
GBs in blocking slip and allowing slip transmission and how they impacted the fatigue crack 
formation lengths. The smaller crack lengths measured in the fatigued sample were confined in 
single grains surrounded by shielding GBs. On the other hand, transmitting GBs resulted in 
relatively longer cracks. These experimental observations lead to the conclusion that slip 
transmission can be more detrimental to the fatigue life due to the longer fatigue cracks that 
form transgranularly.  
In Chapter 8, we explored the scatter in fatigue life for Hastelloy X experimentally and 
through simulations. The adopted model is based on PSB (in a single grain or in a grain cluster) 
interacting with a GB. The experimental results, besides giving fatigue life data for comparisons 
with model results, have provided support for the modeling approach, particularly evidence of 
GB shielding, thus creating pile-ups, and the formation of grain clusters through slip 
transmission across multiple GBs. In general, the fatigue model used in this work can predict 
the experimentally observed scatter in fatigue life relying only on the microstructural variations 
established through simulated microstructures (based on EBSD measurements but with grains 
rearranged spatially). Another important outcome of the experimental results is that they pointed 
out that an improved definition of a grain cluster is needed. In the modeling part, the well-known 
definition of grains connected with low angle grain boundaries allowing slip transmission was 
adopted. However, the experimental results showed cases of transmission and grain clusters in 
other types of boundaries. An improved definition should account for the other contributing 
factors (e.g., residual Burgers vector br) that control the transmission of slip through interfaces. 
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9.2. Suggested Future Work 
1- As indicated earlier, all the DIC measurements in this work were made on the sample’s 
surface only with no insight into the through thickness effects. To handle this aspect, a 
combination of high energy X-ray diffraction for three dimensional orientation mapping 
(Lienert, Li et al. 2011) and crystal plasticity simulations (Rollett, Lebensohn et al. 2010) 
in conjunction with surface DIC measurements can be pursued. Careful experimental 
and simulation work which utilizes all of the previously mentioned techniques would help 
further explorations of subsurface effects and how they influence, for example, slip 
transmission across GBs. 
2- In samples subjected to fatigue loading, additional measurements of height profile using 
the atomic force microscope (AFM) (Cretegny and Saxena 2001; Polak 2003; Polak, 
Man et al. 2003; Risbet, Feaugas et al. 2003) in conjunction with DIC surface strains can 
provide further insight into the correlation between the well know damage initiation sites 
in fatigue (i.e., extrusions) and surface plastic strain measurements. Obtaining such 
experimental results simultaneously can provide quantitative insight into the critical 
conditions (i.e., local strain magnitudes and extrusion height) resulting in the formation of 
cracks.  
3- In Chapter 7 of this work, we presented experimental results in fatigue and correlated 
fatigue cracks with the prior localization of plastic strains. As discussed in Section 7.5, 
the level of strain localization would change depending on the loading conditions (e.g., 
low cycle versus high cycle fatigue). Additional experimental work to help focus on the 
difference between cases with lower strain magnitudes compared to what was done in 
this thesis should be explored further. 
4- Advancing the in situ DIC measurement technique to enable high resolution strain 
measurements in fatigue. Real-time deformation measurements and fatigue cracks 
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observations will provide a better and comprehensive assessment of strain localization 
leading to fatigue crack initiation. 
5- As explained in Section 8.6, the concept of the formation of grain clusters requires 
further investigation. Although DIC strain measurements can delineate grain clusters that 
formed as a consequence of slip transmission across multiple GBs, the results were 
acquired after deformation. A predictive criterion that is capable of capturing the 
experimentally observed outcomes of slip – GB interactions is a goal that is worth 
additional investigation. Such an improved criterion will be useful in many applications 
(e.g., refine the LAGB criterion used in the Sangid et al. fatigue model). 
6- Hastelloy X is a nickel based superalloy that offers good oxidation resistance and high 
temperature strength; therefore, it is typically used at elevated temperature conditions. 
Despite its use in such applications, little work has been done to study damage evolution 
at the microstructural level at high temperatures.  Higher resolution strain measurements 
and microstructural characterization, similar to what we showed in Chapter 4 of this 
thesis but at higher temperatures, can provide further quantitative insight into the 
material behavior under extreme temperature conditions. However, the tools required for 
making these measurements have not been fully developed yet. In Appendix C we 
provide some preliminary work that we have done in this area.  
7- In the procedure for calculating the shear stain increments in Section 4.4.2, we solved 
for the stresses in Eq. (4.8). The resulting stress tensor written in sample frame does not 
in general satisfy the traction free boundary conditions on the surface where DIC 
measurements are acquired. Also recall that the shear strain components in the third 
direction, ε13 and ε23 were unknown in our analysis. In solving Eq. (4.8), their magnitudes 
were assumed to be zero. Given these facts, we propose to estimate the magnitudes of 
the shear strains ε13 and ε23 utilizing the traction free boundary condition. Additional 
details and some preliminary results are given in Appendix D.  
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Appendix A: Crystallographic Relations  
This Appendix provides details on how to perform coordinate transformation between 
crystal and sample frames. We also report the procedure to calculate the Schmid factors, shown 
for example in Table 4.1, from EBSD crystal orientation measurement (i.e., Euler angles). 
1- Using the Euler angles (φ1, Φ, φ2), the rotation matrix ࢍ is determined using the following 
equation (Bunge definition). 
ࢍ ൌ ൥
cos߮ଵ cos߮ଶ െ sin߮ଵ sin߮ଶ	 cosΦ		 sin߮ଵ cos߮ଶ ൅ cos߮ଵ sin߮ଶ	 cosΦ		 sin߮ଶ sinΦ		െcos߮ଵ sin߮ଶ െ sin߮ଵ cos߮ଶ	 cosΦ		 െsin߮ଵ sin߮ଶ ൅ cos߮ଵ cos߮ଶ	 cosΦ		 cos߮ଶ sinΦ		sin߮ଵ sinΦ		 െcos߮ଶ sinΦ		 cosΦ
൩  (A.1) 
2- To transform from sample frame to crystal frame, the following equations are used 
࡯ࢉ࢙࢚࢘࢟ࢇ࢒ ൌ ࢍ	࡯࢙ࢇ࢓࢖࢒ࢋ					ሺwhere	C	is	a	vectorሻ   (A.2) 
࡭ࢉ࢙࢚࢘࢟ࢇ࢒ ൌ ࢍ	࡭࢙ࢇ࢓࢖࢒ࢋ	ࢍିଵ					ሺwhere	A	is	a	second	order	tensor, ݁. ݃., strain	tensor	ࢿ࢏࢐	ሻ    (A.3) 
3- The Schmid factor for a particular slip system ߙ, that is defined by slip plane normal ࢔ࢻ and 
slip direction ࢒ࢻ, can be found using the following equation: 
݄ܵܿ݉݅݀	ܨܽܿݐ݋ݎ	ఈ ൌ ห൫ࡸࢉ࢙࢚࢘࢟ࢇ࢒		.			࢔ࢻ	൯൫ࡸࢉ࢙࢚࢘࢟ࢇ࢒		.			࢒ࢻ	൯ห      (A.4) 
where ࡸࢉ࢙࢚࢘࢟ࢇ࢒		is the loading direction written in crystal frame (found using Eq. (A.2)). All 
vectors in Eq. (A4) are unit vectors. ࢔ࢻ and ࢒ࢻ are known for fcc crystals (listed in Table 4.1). 
4- From DIC we establish the strain tensor in sample frame (ࢿ࢙ࢇ࢓࢖࢒ࢋ). To write the strain tensor 
in crystal frame, Eq. (A.3) is used. 
ࢿࢉ࢙࢚࢘࢟ࢇ࢒ ൌ ࢍ	ࢿ࢙ࢇ࢓࢖࢒ࢋ	ࢍିଵ      (A.5) 
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Appendix B: Crystallographic shear strain increments 
 This appendix gives further details of the shear strain increments calculation procedure 
shown in Section 4.4.2 (i.e., estimating the local slip system activity). 
1- From DIC, we measure the plastic strain increments	݀ߝଵଵ௣ , ݀ߝଵଶ௣ , and ݀ߝଶଶ௣ . ݀ߝଷଷ௣  is 
calculated using Eq. (4.1) by assuming plastic incompressibility. The plastic strain 
tensor, in sample frame, for each DIC measurement point is written as follows: 
ቂࢊࢿ࢙ࢇ࢓࢖࢒ࢋ࢖ ቃ ൌ 	 ൦
݀ߝଵଵ௣ 				݀ߝଵଶ௣ 									0
݀ߝଵଶ௣ 				݀ߝଶଶ௣ 									0
0												0						݀ߝଷଷ௣
൪ 
2- From EBSD, at each DIC measurement point we have the crystal orientation (i.e., the 
three Euler angles, φ1, Φ, and φ2 following Bunge convention). The orientation matrix [g] 
is constructed as shown in Appendix A. 
3- Using the orientation matrix [g], we write the plastic strain tensor in crystal frame: 
ൣ݀ߝ௖௥௬௦௧௔௟௣ ൧ ൌ ࢍ		ࢊࢿ࢙ࢇ࢓࢖࢒ࢋ࢖ 		ࢍࢀ ൌ 	 ൦
݀ߝ௖ଵଵ௣ 				݀ߝ௖ଵଶ௣ 				݀ߝ௖ଵଷ௣
݀ߝ௖ଵଶ௣ 				݀ߝ௖ଶଶ௣ 				݀ߝ௖ଶଷ௣
݀ߝ௖ଵଷ௣ 				݀ߝ௖ଶଷ௣ 				݀ߝ௖ଷଷ௣
൪ 
4- The deviatoric part of ቂࢊࢿࢉ࢙࢚࢘࢟ࢇ࢒࢖ ቃ 
ቂdεୡ୰୷ୱ୲ୟ୪୮ሺୢୣ୴ሻ ቃ ൌ ܌ઽ܋ܚܡܛܜ܉ܔܘ െ	
	1
3 	tr ቀ܌ઽ܋ܚܡܛܜ܉ܔ
ܘ 		ቁ 	۷ ൌ 	 ൦
݀ߝௗ௖ଵଵ௣ 				݀ߝௗ௖ଵଶ௣ 				݀ߝௗ௖ଵଷ௣
݀ߝௗ௖ଵଶ௣ 				݀ߝௗ௖ଶଶ௣ 				݀ߝௗ௖ଶଷ௣
݀ߝௗ௖ଵଷ௣ 				݀ߝௗ௖ଶଷ௣ 				݀ߝௗ௖ଷଷ௣
൪	 
where ۷ is the identity matrix. 
5- We adopt a 5 element vector form for the deviatoric deformation rate tensor ቀ܌ઽ܋ܚܡܛܜ܉ܔܘሺ܌܍ܞሻቁ 
and stress (ߪ௜௝ሻ.  
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ሼdε௖ሽ ൌ 	
ە
ۖ
۔
ۖ
ۓ݀ߝௗ௖ଵଵ
௣ െ ݀ߝௗ௖ଶଶ௣
݀ߝௗ௖ଷଷ௣
݀ߝௗ௖ଶଵ௣
݀ߝௗ௖ଷଵ௣
݀ߝௗ௖ଷଶ௣ ۙ
ۖ
ۘ
ۖ
ۗ
																																							 ሼσ௖ሽ ൌ 	
ە
ۖۖ
۔
ۖۖ
ۓߪௗ௖ଵଵ െ	ߪௗ௖ଶଶ23
2ߪௗ௖ଷଷ2ߪௗ௖ଶଵ
2ߪௗ௖ଷଵ2ߪௗ௖ଷଶ ۙ
ۖۖ
ۘ
ۖۖ
ۗ
	 
Notice that these are work conjugates. 
6- The five element form of ࢓ࢻ can be found using the following equation: 
ሼ݉ఈሽ ൌ 	
ۖە
۔
ۖۓ݉ଵଵ
ఈ െ ݉ଶଶఈ
݉ଷଷఈ
݉ଶଵఈ
݉ଷଵఈ
݉ଷଶఈ ۙۖ
ۘ
ۖۗ
				 
7- In the 5 element form, Eq. (4.8) takes the following format (using Greek indices for 5 
element form). 
dεఉ௖ ൌ ൥෍ ቆ	ߛሶ°߬̅ 	ฬ
߬ఈ
߬̅ ฬ
௡ିଵ
	݉ఉఈ	݉ఋఈቇ
௦
ఈୀଵ
൩	σఋ௖  
8- To solve the previous equation for and applied strain ൛dεఉ௖ ൟ, we use an iterative solver in 
Matlab. An initial guess for the stress ࣌ is needed. For this purpose, we solve for the 
Bishop and Hill vertex stresses (maximum work principle) and utilize these stresses as 
initial guesses. 
9- The output of the solver is that we determine the 5 element stress vector (we are solving 
for these 5 unknowns). Once these stresses are found, the resolved shear stresses and 
the shear strain increments are determined using Eq. (4.7) and Eq. (4.5). 
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Appendix C: DIC Measurements at Elevated Temperatures: Preliminary Work    
C.1. Procedure for DIC at Elevated Temperatures  
Hastelloy X is a nickel based superalloy that offers good oxidation resistance and high 
temperature strength; therefore, it is typically used at elevated temperature conditions such as 
in turbine engines. Despite its use in such applications, little work has been done to study 
damage evolution at the microstructural level at high temperatures.  Although DIC can be used 
to make these kinds of measurements at room temperatures, as we have shown in this thesis, 
the methodologies are not suitable for elevated temperature measurements. One of the 
problems encountered has been related to oxidation upon heating which drastically changes the 
sample’s surface and the DIC speckle pattern (an example is shown in Fig. C.1). Another 
challenge is associated with surface glowing which was observed around 650°C for Hastelloy X 
(see Fig. C.2). The glowing alters the image brightness as shown in Fig. C.3 and therefore 
prevents proper application of DIC.   
 
Fig. C.1. (a) A DIC reference image acquired in situ before heating. (b) The same region shown in 
(a) after initial heating of the sample in the load frame. Notice the white spots appearing on one 
side of the sample. These spots are associated with surface oxidation. The appearance of these 
features in the region of interest (DIC regions) prevents the utilization of DIC for deformation 
measurements. 
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Fig. C.2. A glowing Hastelloy X sample at very high temperature. The problem associated with 
glowing is the changes in the image brightness (see Fig. C.3) which prevents the use of DIC.  
 
 
 
Fig. C.3. (a-f) Examples of Images acquired in situ at room temperature and at 5 different 
temperatures. The sample was prepared following the first procedure described later in Section 
C.1. Compared to the case shown in Fig. C.1, the sample preparation procedure prevented 
significant changes to the speckle pattern quality and DIC is possible up to image (e). The 
brightness changed significantly going from (e) to (f) due to sample glowing. Image (f) cannot be 
correlated to the reference image (a).  
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Attempts to address the previous issues were made. Mainly the sample preparation 
procedure had to be adjusted. The following two approaches were followed: 
1- In the first approach, samples were finely polished to 0.3 μm, heated in an oven to 1000 
°C with a 5 minute hold time, and finally quenched in water. The uniformity of surface 
oxidation in different regions on the sample’s surface was improved following these 
steps. After quenching in water, a fine speckle pattern was applied to the surface using 
Si powder. This procedure prevented significant pattern changes due to additional 
oxidation when the sample was then heated in the load frame. We note that this 
procedure was only adequate for relatively short experiments (e.g., monotonic tension 
experiments) since additional surface changes due to oxidation became significant with 
continuous heating of the sample for longer times. Temperature cycling was also 
possible up to temperatures where surface glowing did not induce significant changes to 
image brightness (acquired for DIC). 
2- In the second procedure, samples were painted with high temperature white paint and 
then speckled with high temperature black paint (using an airbrush). Adding a layer of 
paint on the surface helped reduce surface changes due to oxidation. Consequently, 
longer experiments were made possible using this procedure. 
These two procedures were utilized to make DIC strain measurements in selected examples 
involving different temperature loading conditions. Two representative cases are discussed in 
the following Sections.  
C.2. Thermal Expansion Coefficient   
To validate the procedure for DIC measurements between 30 and 650°C, thermal 
expansion coefficients of Hastelloy X were measured over this entire temperature range. The 
reference image was captured at room temperature. Images of the heated sample (surface) 
were acquired at four different temperatures. Figure C.4 shows contour plots of the vertical 
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strain field at these four different states. The field average results in the vertical and horizontal 
direction are summarized in Table C.1. In general, the acquired measurements are in good 
agreement with literature values for Hastelloy X (15-20 µ strain/Cº). 
 
Fig. C.4. (a-d) Contour plots of the vertical strain field at four different temperatures. The sample 
was free to expand as shown in (e) and all the measured strains are thermal strains associated 
with thermal expansion. The results were used to calculate the coefficient of thermal expansion. 
 
Table C.1. A summary of the thermal expansion coefficients obtaind from DIC 
Temp Range 
C  
Thermal Expansion Y 
µ strain/ºC 
Thermal Expansion X 
µ strain/Cº 
25-150 14.58 15.40 
150-379 16.30 16.55 
379-571 17.81 17.68 
571-686 22.75 23.30 
 
An additional feature of the first sample preparation procedure was that it revealed the 
grain boundaries by oxidation.  This allowed in situ high magnification measurements (14x 
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magnification) at the grain level and at high temperature (up to 650°C). An example is shown in 
Fig. C.5. The strain field from DIC shows concentrations at some grain boundaries. 
 
Fig. C.5. (a) Reference image of a sample heated to 345 °C. (b) Vertical Strain field for a specimen 
heated from reference state of 345 °C to a deformed state of 596 °C. The strain field from DIC 
shows concentrations at some grain boundaries. 
C.3. Cyclic Creep    
 For the cyclic creep experiment, the stress was held constant and the temperature was 
cycled to failure. The sample was initially prepared following the second high temperature 
sample preparation procedure (previously explained in Section C.1). Heating was done in the 
load frame via induction heating. The test started by increasing the sample’s temperature from 
room temperature to 450 °C. After initial heating, the sample was loaded in uniaxial tension to a 
stress level of 306 MPa. Once this stress level was reached it was held constant throughout the 
experiment while the temperature was cycled between 450 °C and 650 °C. Figure C.6 shows 
the stress and temperature loading conditions.  
DIC measurements were made in situ during the test. The DIC field average values for 
selected cycles are shown in Fig. C.7. Notice that yielding takes place once the applied load 
was initially increased from 0 to 306 MPa. Additional accumulation of plastic strains was also 
measured in the first temperature cycle (i.e., heating from 450 °C to 650 °C) due to changes in 
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material properties. The evolution of strains beyond that point was gradual and a function of 
cycle number. DIC measurements beyond cycle 399 were not possible due to significant 
damage to the surface. Nevertheless, the test was continued to complete sample failure which 
took place after 732 temperature cycles. 
 
Fig. C.6. Cyclic creep experiment. The temperature was initially increased from room temperature 
to 450 °C and then the load on the sample was increased to a final stress level of 306 MPa. Once 
that point was reached, the load was held constant throughout the test and the temperature was 
cycled between 450 and 650 °C. DIC was used to measure strain evolution. 
 
The evolution of the minimum (black triangles representing the DIC field averages at 450 
°C) and maximum (red squares representing the DIC field averages at 650 °C) strains per cycle 
are plotted in Fig. C.8. The difference between these two point (minimum and maximum for 
each cycle) represent predominately the thermal strain due to thermal expansion. Notice that 
the strains acquired with DIC represent the net strain including thermal and mechanical strain. 
The mechanical strain includes the elastic, plastic and creep components. The accumulation of 
strains once temperature cycling was started represents a change in the mechanical strain that 
is creep dominated (recall that the load was held constant). 
144 
 
 
Fig. C.7. The evolution of DIC strains (field averages) for selected cycles. Notice that yielding 
takes place once the load on the sample was initially increased from 0 to 306 MPa. Additional 
accumulation of plastic strains was also measured in the first temperature cycle (i.e., heating from 
450 °C to 650 °C) due to changes in material properties. The evolution of strains beyond that point 
was gradual and a function of cycle number. DIC measurements beyond cycle 399 were not 
possible due to significant damage to the surface. 
 
 
Fig. C.8. The evolution of the minimum (black triangles representing the DIC field averages at 450 
°C) and maximum (red squares representing the DIC field averages at 650 °C) strains per cycle. 
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 Contour plots of the vertical strain fields (along the loading direction) after certain 
number of temperature cycles (three representative cases) are shown in Fig. C.9. The results 
clearly show strain accumulation in the same regions. Notice the similarity in the contour plot 
features. The scale was adjusted in each of the contour plots to enable a better visitation of the 
high strain regions. Strain histograms were also constructed from the DIC strain measurements. 
Selected cases are shown in Fig. C.10. The results presented in Figs. C.9 and C.10 indicate 
that an increased level of deformation heterogeneity was developing in the material with 
continuous accumulation of creep strains. Recall that similar observations were made for the 
case of monotonic loading at room temperature (Fig. 6.3).  
 
Fig. C.9. Contour plots of the vertical strain fields (along the loading direction) after certain 
number of temperature cycles (three representative cases). The results clearly show strain 
accumulation in the same regions. 
 
The evolution of the mechanical strains versus cycle number is plotted in Fig. C11. The 
black points represent the mean strain evolution obtained from averaged DIC fields; this 
quantity is comparable to measurements obtained utilizing a high temperature extensometer.  
The additional blue and green points represent the evolution of high and low strains in the 
region of interest and are captured by observing the full field contour plots. We notice that the 
rate of evolution of high strains is larger than that of the mean strains.  
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Fig. C.10. Strain histograms after certain number of temperature cycles. The increase in the width 
of the histograms with additional temperature cycles indicates an increased level of deformation 
heterogeneity developing in the material. This is also observed by noticing the increase in the 
standard deviation (given in the figure for each histogram). 
 
Fig. C.11. Mechanical strain evolution versus cycle number (temperature cycle). Black points are 
from average DIC fields, green and blue points are from low and high strain regions observed in 
the full field strain contour plots. Notice that the rate of evolution for the high and low strains is 
different than the mean strain. 
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In summary, the results from this experiment indicate that the accumulation of creep 
strains takes place in the same spatial regions on the sample’s surface. This suggests that the 
local microstructure has a major influence in defining the critical location for strain accumulation. 
This observation, which is similar to the conclusion made in Chapter 6 requires further 
investigation. Higher resolution strain measurements and microstructural characterization, 
similar to what we showed in Chapter 4 of this thesis, can provide further insight into this issue.  
However, the tools required for making these measurements have not been fully developed yet.  
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Appendix D: The Missing Shear Strain Components: Preliminary Work    
 In the procedure for calculating the shear stain increments in Section 4.4.2, we solved 
for the stresses in Eq. (4.8). The resulting stress tensor written in sample frame does not in 
general satisfy the traction free boundary conditions on the surface where DIC measurements 
are acquired (see Fig. D.1) . This condition can be expressed as follows: 
ଵܵଷ ൌ 	 ܵଶଷ ൌ 	ܵଷଷ ൌ 0 (D.1) 
ߪଵଷ ൌ 	ߪଶଷ ൌ 	0  (D.2) 
where ࡿ is the stress tensor in sample frame and ࣌	is the deviatoric stress tensor (notice that 
ଵܵଷ ൌ 	ߪଵଷ, ܵଶଷ ൌ 	ߪଶଷ, and ߪଷଷ ് 0). Also recall that the shear strain components in the third 
direction, ε13 and ε23 were unknown in our analysis. In solving Eq. (4.8), their magnitudes were 
assumed to be zero.  
 
Fig. D.1. Traction free boundary conditions at the sample’s surface. 
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Below we provide an example for one of the DIC measurements points. 
0.0334 0.0016 0
0.0016 0.0109 0
0 0 0.0224
p
sampled
      
 (D.3) 
0.3125 0.9154 0.2538
0.9427 0.3317 0.0355
0.1167 0.2281 0.9666
g
       
  (D.4) 
0.0083 0.0117 0.0041
0.0117 0.0294 0.0050
0.0041 0.0050 0.0211
p
crystald
         
 (D.5) 
1.3567 0.5450 0.5027
0.5450 0.9479 0.1896
0.5027 0.1896 0.4088
sample
       
 (D.6) 
Equation (D.3) was directly measured form DIC, Eq. (D.4) was constructed using the Euler 
angles measured from EBSD, Eq. (D.5) was obtained by rotating Eq. (D3) from sample frame to 
crystal frame using Eq. (D.4), and Eq. (D.6) is the stress tensor obtained by solving Eq. (4.8) but 
written in sample frame. Notice that the stresses ߪଵଷ ് 	ߪଶଷ ് 	0 and therefore the solution does 
not satisfy the traction free boundary condition.  
 In this preliminary work, we propose to estimate the magnitudes of the shear strains ε13 
and ε23 utilizing the traction free boundary condition. The proposed procedure is described as 
follows: 
1- Select different magnitudes for ε13 and ε23  instead of assuming zeros. Figure D.2 shows 
a plot of different values of ε13 and ε23 . To construct a combination, for each ε13, ε23 is 
varied across the selected range of strain magnitudes. 
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2- Using Eq. (4.8), solve for stresses given each of the different combination of strain 
magnitudes. 
3- Look for the strain combination which results in zero magnitudes of the σ13 and σ 23 
(written in sample frame). A plot showing the resulting stresses for different strain 
combinations is shown in Fig. D.3. These results were obtained considering the single 
DIC point example presented in this Appendix. The enlarged portion of Fig. D.3 shows 
that there exist a case where both stresses are zero (close to horizontal line), the strain 
magnitudes associated with this solution are also known. 
This procedure was applied for the example presented earlier in this Appendix. Table D.1 
shows selected combinations of the shear strains (ε13 and ε23) and the corresponding 
stresses (σ13 and σ23) obtained by solving Eq. (4.8). Exact zero solutions for the stresses 
were not achieved but very small magnitudes were resolved.  
 
Fig. D.2. Different combinations of ε13 and ε23.  These combinations were constructed manually in 
this preliminary work. For each ε13, ε23  was varied across the entire range of the selected strain 
magnitudes.  
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Fig. D.3. The σ13 and σ23  stresses obtained by solving Eq. (4.8) for each of the strain combinations 
ε13 and ε23 plotted in Fig. D.2. 
 
Table D.1. Selected combinations of the shear strains (ε13 and ε23) and the corresponding stresses 
(σ13 and σ23  ) obtained by solving Eq. (4.8).   
ε13 ε23 σ13 σ23 ඥߪଵଷଶ ൅ ߪଶଷଶ 
-0.0061 0.0073 -0.0133 0.0315 0.0342 
-0.0062 0.0074 -0.0168 0.0365 0.0402 
-0.0063 0.0074 -0.0380 0.0170 0.0416 
-0.0063 0.0075 -0.0214 0.0380 0.0436 
-0.0064 0.0075 -0.0385 0.0242 0.0454 
-0.0064 0.0076 -0.0260 0.0385 0.0465 
-0.0065 0.0076 -0.0409 0.0272 0.0491 
-0.0065 0.0077 -0.0304 0.0387 0.0492 
-0.0066 0.0078 -0.0346 0.0388 0.0520 
-0.0066 0.0077 -0.0438 0.0290 0.0525 
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A comparison between the results obtained with and without consideration of the traction 
free boundary conditions is shown in Table D.2. The shear stress components after 
consideration of the traction free boundary conditions are very small compared to the results 
obtained without consideration of the boundary condition. Also, the shear strain components 
were estimated using the modified approach.   
Table D.2. Comparison between the results obtained with and without consideration of the 
traction free boundary conditions.  
Without consideration of the traction free 
boundary conditions (ε13 & ε23  assumed zero) 
With consideration of the traction free 
boundary conditions (ε13 & ε23  resolved) 
0.0334 0.0016 0
0.0016 0.0109 0
0 0 0.0224
p
sampled
      
 (mod )
0.0334 0.0016 0.0061
0.0016 0.0109 0.0073
0.0061 0.0073 0.0224
p ified
sampled
       
 
1.3567 0.5450 0.5027
0.5450 0.9479 0.1896
0.5027 0.1896 0.4088
sample
       
 mod
1.1860 0.2579 0.0133
0.2579 0.6240 0.0315
0.0133 0.0315 0.5620
ified
sample
       
 
 
We emphasize that the procedure and the results presented in this Appendix represent a 
preliminary effort that should be subjected to further investigation, conceptually as well as the 
procedure. The obtained magnitudes for the shear strains, and the modifications made to the 
stress tensor should also be investigated. 
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Appendix E: Additional Microstructural Analysis in the TEM and SEM    
In this Section, additional TEM and SEM images are provided. Representative cases of 
these images have already been reported and discussed in previous Chapters.  
E.1. SEM Images of the Uniaxial Tension Sample Presented in Chapter 4 
The images presented in this Section were obtained in the SEM for the uniaxial tension 
sample analyzed in Chapter 4. Figure E1 shows the entire region of interest (an EBSD image of 
the same region is shown in Fig. 4.2a). Higher magnification images of the regions marked with 
red and blue rectangles are shown in Fig. E2. 
 
Fig. E.1. SEM micrograph showing the entire region of interest for the uniaxial tension sample 
analyzed in Chapter 4.   
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Fig. E.2. (a-d) SEM micrographs showing higher magnification images of the region marked with a 
red rectangle in Fig. E.1. (e-h) SEM micrographs showing higher magnification images of the 
region marked with a blue rectangle in Fig. E.1. 
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Fig. E.2. (continued) 
 
E.2. SEM Images of the Uniaxial Tension Sample Presented in Chapter 6 
The images presented in this Section were obtained in the SEM for the uniaxial tension 
sample analyzed in Chapter 6. Figure E3 shows a selected region showing transmission 
through Σ3 annealing twin boundaries (same region shown in Fig. 6.5b). Higher magnification 
images of the regions marked with red and blue rectangles are shown in Fig. E4. 
 
Fig. E.3. SEM micrograph showing transmission through Σ3 annealing twin boundaries for the 
uniaxial tension sample analyzed in Chapter 6.   
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Fig. E.4. (a-b) SEM micrographs showing higher magnification images of the region marked with a 
red rectangle in Fig. E.3. (c-d) SEM micrographs showing higher magnification images of the 
region marked with a blue rectangle in Fig. E.3. The micrographs show clear signs of slip 
transmission across the grain boundaries which are described as Σ3 twin boundaries. 
 
E.3. Microstructural Images of Fatigued Samples  
The images presented in this Section were obtained from the fatigued samples 
discussed in Chapter 7 and Chapter 8 of this thesis. Figure E5 shows an SEM micrograph of the 
entire region of interest of the sample analyzed in Chapter 7 focusing on fatigue crack formation 
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(state ‘C’ as shown for a selected region in Fig. 7.3d). Higher magnification images of different 
regions are shown in Fig. E6. 
Figure E.7 shows SEM images for a Hastellox X sample, on the surface, fatigued at 
∆ε=1.0 % R=0 to failure (8080 cycles). A distribution of small micro-cracks is visible in Fig. E7a. 
The higher magnifications images (Figs. E7b-E7d) show evidence that the micro-cracks initiated 
in the vicinity of GBs, i.e., along slip bands and around slip band-GB interaction regions.   
 
 
Fig. E.5. SEM micrograph of the entire region of interest for the sample analyzed in Chapter 7 
focusing on fatigue crack formation (state ‘C’ as shown for a selected region in Fig. 7.3d). 
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Fig. E.6. (a-p) SEM micrographs showing higher magnification images of the region of interest 
shown in Fig. E5.   
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Fig. E.6. (continued) 
160 
 
 
 
Fig. E.6. (continued) 
 
The SEM images of the fracture surface shown in Fig. E8 were obtained from a 
Hastellox X sample fatigued in load control at a rate of 0.4 Hz, loading ratio, R, of -1, and stress 
range of 750 MPa. Both backscatter and secondary electron images are shown in Fig. E8. 
Fatigue striations and cracks are clearly observed in the images. 
Extrusion height measurements using the atomic force microscope for a Hastellox X 
sample fatigued at ∆ε=1.0 % R=0 to failure (3767 cycles) were obtained in collaboration with 
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Prof. Hans Maier from the University of Paderborn in Germany. Representative cases are 
shown in Fig. E9. The scans from different regions show a range of extrusion height 
measurements between 50 – 200 nm. 
 
 
 
Fig. E.7. SEM images showing the surface of a Hastellox X sample fatigued at ∆ε=1.0 % R=0 to 
failure (8080 cycles). (b-d) show higher magnification images of selected regions of the entire 
sample shown in (a). 
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Fig. E.8. SEM images showing the fracture surface of a Hastellox X sample fatigued in load control 
at a rate of 0.4 Hz, loading ratio, R, of -1, and stress range of 750 MPa. (a) Backscatter SEM image 
showing fatigue striations. (b) The same region shown in (a) but imaged using the secondary 
electrons. (c-d), (e-f), and (g-h) show images of different regions of the fracture surface. 
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Fig. E.8. (continued) 
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Fig. E.9. Extrusion height measurements using the atomic force microscope for a Hastellox X 
sample fatigued at ∆ε=1.0 % R=0 to failure (3767 cycles). (a-d) are images for a particular region, 
(a) represent the raw data (i.e., Volts corresponding to deflection), (b) is converted to the actual 
height data, and (c-d) show scans and extrusion height measurements for two locations. (e-h) and 
(i-l) show two other representative cases. The scans from different regions show a range of 
extrusion height measurements between 50 – 200 nm. 
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Fig. E.9. (continued) 
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E.4. TEM Images of Fatigued Samples  
The TEM images shown in this Section (Fig. E10) were obtained through collaboration 
with Prof. Hans Maier from the University of Paderborn in Germany for a Hastelloy X fatigued 
sample at ∆ε=1.0 % R=0 for 101 cycles. 
 
 
Fig. E.10. TEM images for a Hastellox X sample fatigued at ∆ε=1.0 % R=0 for 101 cycles. (a) TEM 
image showing dislocations and some stacking faults. (b) TEM image showing dislocations 
parallel bands and forming networks. (c) Low magnification TEM image showing an overview and 
the clearly indicating the presence of essentially two sets of parallel bands. (d) TEM image 
showing planar slip for Hastelloy X. 
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